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1 Short version (English) 
 
Trehalose (alpha-D-glucopyranosyl (11) alpha-D-gluocopyranoside) is a non-
reducing disaccharide found in many organisms including fungi, bacteria, plants and insects. 
In the yeast Saccharomyces cerevisiae, trehalose is one of the major storage carbohydrates, 
accounting for more than 25% of cell dry mass depending on growth conditions and stage of 
the life cycle (Hottiger et al., 1987a; Jules et al., 2008; Lillie and Pringle, 1980). The 
accumulation of intracellular trehalose has two potential functions. First, it constitutes an 
endogenous storage of carbon and energy during spore germination and in resting cells. 
Second, trehalose acts as a stabilizer of cellular membranes and proteins (Francois and Parrou, 
2001; Simola et al., 2000; Singer and Lindquist, 1998). 
In the yeast S. cerevisiae, trehalose is hydrolyzed into glucose by the action of two 
types of trehalases: the neutral trehalases encoded by NTH1 and NTH2 (Jules et al., 2008; 
Mittenbuhler and Holzer, 1988), which are optimally active at pH 7, and the acid trehalase 
encoded by ATH1, showing optimal activity at pH 4.5 (Destruelle et al., 1995). Neutral 
trehalase has been well studied and is known to hydrolyze trehalose in the cytosol. While 
fungal acid trehalases, including the yeast Candida albicans (Pedreno et al., 2004) and 
Kluyveromyces lactis (Swaim et al., 2008) enzymes, have been reported to be localized at the 
cell surface, the localization of the S. cerevisiae acid trehalase is still a matter of controversy. 
In 1982, Wiemken and coworkers (Keller et al., 1982) first identified this protein in vacuole-
enriched fractions obtained by density gradient centrifugation of a yeast protoplast 
preparation. Vacuolar localization of acid trehalase was very recently supported by in vivo 
imaging analyses using GFP-Ath1 fusion constructs under the strong and constitutive TPI1 
promoter (Huang et al., 2007). Furthermore, these authors employed various trafficking 
mutants to show that this acid trehalase reaches its vacuolar destination through the 
multivesicular body (MVB) pathway. However, this localization contrasts with the fact that 
this enzyme allows yeast to grow on exogenous trehalose (Nwaka et al., 1995b), and with a 
measurable Ath1 activity at the cell surface (Jules et al., 2004).  
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The purpose of this study was to revisit this controversy on Ath1 localization in the 
light of its biological function, and investigate its secretion mechanism by combining 
molecular and cellular biology, physiology and biochemistry approaches. 
First, we have revisited the localization of Ath1 by biocheminal approaches. Cell 
growth ability on trehalose was reexamined in the absence of neutral trehalase participating in 
trehalose assimilation. Besides, enzymatic assay further confirmed the measure of Ath1 
activity on intact cells corresponding to its periphery localization. 
Second, a fluorescent protein fusion approach was applied to Ath1 and live 
microscopy was carried out to study the localization of Ath1 in S.cerevisiae cells. 
Additionally, we constrained Ath1 to certain cellular compartment in order to define its 
functional localization. 
Third, protein domains of Ath1 were studied by using an invertase fusion system to 
identify the specific domain responsible for its cellular targeting. The function of the unique 
transmembrane domain present in the N terminal domain was specifically studied. 
Finally, the secretion pathway and the regulatory mechanism of Ath1 were 
investigated by using mutants defective in different steps of the secretion pathway. A 
screening of the single gene deletion yeast library based on trehalose assimilation ability was 




2 Long version (French) 
 
Étude de la localisation fonctionnelle et du 
mécanisme de sécrétion de la tréhalase acide (Ath1) 
chez la levure Saccharomyces cerevisiae 
 
Chez la levure Saccharomyces cerevisiae, le tréhalose représente une des formes de  
stockage de carbone et énergie, mais il est surtout connu pour son rôle dans la réponse au 
stress, en permettant de stabiliser les membranes et les protéines lors de l’exposition à des 
conditions environnementales défavorables et délétères pour les cellules. La problématique 
présentée dans ce travail de thèse repose toutefois sur une autre relation qui existe entre le 
tréhalose et  ce microorganisme: la levure S. cerevisiae peut en effet utiliser le tréhalose, un 
disaccharide composé de deux molécules de glucoses reliées entre elles par une liaison α,α-
1,1 (ou «1,1-α-glycosidique »), comme unique source de carbone pour sa croissance 
cellulaire. Cette source de carbone est largement distribuée dans la nature. Absent chez 
l'homme, il a toutefois été trouvé chez les bactéries, les champignons et les levures, les 
insectes, les nématodes, les crevettes, il peut être très abondant dans certaines plantes et existe 
probablement chez bien d’autres organismes.  
Le tréhalose peut potentiellement être dégradé par différentes tréhalases pour libérer 
les molécules de glucose directement assimilables dans le métabolisme. Il existe deux types 
de tréhalases dans S. cerevisiae. La principale enzyme décrite au niveau bibliographique 
correspond à la tréhalase "neutre", Nth1, cytosolique et logiquement active à un pH optimal 
de 7. Cette tréhalase assure la mobilisation du tréhalose intracellulaire sous de nombreuses 
conditions environnementales. Le génome de S. cerevisiae porte un autre gène, NTH2, 
paralogue de NTH1 dont le produit présente 77% d'identité de séquence avec Nth1, et dont 
l'activité tréhalase vient tout juste d'être démontrée expérimentalement  (Jules et coll., Applied 
and Environmental Microbiology 2008). L’autre type de tréhalase est codé par ATH1 et 
possède un pH optimum compris entre 4.5 et 5 pour son activité catalytique. Elle est donc 
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appelée tréhalase "acide". Initialement,  en accord avec ce pH optimum activité et  d'après des 
expériences de fractionnement par centrifugation en gradient de densité qui ont conduit à un  
enrichissement en activité tréhalase acide dans la fraction vacuolaire, il a été proposé que cette 
tréhalase est localisée dans les vacuoles. Plus tard, Jules et al. (2004) ont pu démontrer que 
cette protéine est également localisée dans l’espace périphérique, en se basant notamment sur 
la possibilité de mesurer une activité tréhalase acide à la surface cellulaire, et sur la sensibilité 
vis-à-vis du pH du milieu de culture de cette activité et de la croissance cellulaire sur 
tréhalose. Néanmoins, Huang et al. (2007) ont clairement réfuté cette proposition et conforté 
l'idée que Ath1 est exclusivement localisée dans la vacuole, en utilisant notamment une fusion 
entre la protéine Ath1 et la protéine fluorescente GFP sous le contrôle d'un promoteur fort.  
Motivé par ces arguments et controverses, ce travail de doctorat s'est essentiellement  
focalisé sur  la localisation de Ath1 chez S. cerevisiae, afin de démontrer par différentes 
approches génétiques et biochimiques que cette tréhalase "acide", Ath1, est bien 
extracellulaire, une localisation indispensable pour sa fonction physiologique qui est de 
permettre l'assimilation du tréhalose extracellulaire pour la croissance des cellules levure. Une 
deuxième partie du document s'attache plus particulièrement au mécanisme d'adressage 
extracellulaire de cette tréhalase. 
 
1. Localisation fonctionnelle de Ath1 chez Saccharomyces 
cerevisiae 
 
Localisation de Ath1 chez Saccharomyces cerevisiae par tests 
enzymologiques 
À partir d'une approche biochimique qui reposait sur un dosage enzymatique in vivo, 
sur cellules entières, Jules et al. (2004) ont soulevé l'idée que Ath1 est localisé à la surface 
cellulaire. Suite à la controverse soulevée par le groupe du Dr Klionski (Huang, 2007), il nous 
a été nécessaire de valider cette méthodologie et démontrer que l'activité mesurée en surface 
cellulaire par le biais d'une accumulation de glucose n'est pas artéfactuelle. Il s'agissait entre 
autre de s'assurer qu'il n'y a aucune  libération de glucose ni de protéines intracellulaires 
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causée par la présence de fluorure de sodium dans les dosages enzymatiques sur des cellules 
intactes. Ces tests, et l'utilisation d'un mutant totalement déficient pour le transport du glucose 
qui nous a permis de travailler en absence de cette drogue, nous ont permis de conclure sans 
aucune ambiguïté que lorsque les cellules entières traitées au NaF sont incubées en présence 
de tréhalose,  le glucose mesuré en surface cellulaire provient exclusivement du clivage du 
disaccharide à la surface cellulaire par un pool extracellulaire de tréhalase "acide".   
Nous avons en outre détecté une activité importante de Ath1 dans le milieu de culture, 
d'autant plus marquée que les cellules étaient en croissance sur le tréhalose. Cet effet positif 
de la source de carbone sur la diffusion extracellulaire de ce système enzymatique est ainsi en 
faveur de la rencontre entre Ath1 et son substrat et en parfaite adéquation avec le modèle de 
clivage extracellulaire du tréhalose, contrairement à une dégradation vacuolaire pour laquelle 
il nous est actuellement impossible d'imaginer un mécanisme moléculaire rationnel qui permettrait 
d'utiliser une source de carbone extracellulaire via un système de dégradation vacuolaire. 
 
Localisation de Ath1 chez Saccharomyces cerevisiae par utilisation de 
protéines de fusion 
Pour visualiser la localisation d’Ath1 in vivo, la stratégie employée fut la fusion de 
cette tréhalase à une protéine fluorescente. Mais à la différence de ce qui a été fait dans le 
travail de Huang et al. (2007), nous avons étiqueté Ath1 sur son extrémité C-terminale en 
utilisant la protéine fluorescente mCherry (Ath1-mCherry), et en intégrant le gène de fusion 
dans le chromosome pour exprimer cette construction sous le contrôle de son propre 
promoteur (ATH1). Nous avons ainsi observé que le signal fluorescent se localise 
principalement dans la vacuole, mais il est également parfaitement visible à la surface 
cellulaire. Une analyse par Western-blot en utilisant des anticorps anti-mCherry a permis de 
mettre en évidence un produit majoritaire migrant à une taille de 65kDa, taille beaucoup plus 
petite que celle attendue pour Ath1-mCherry, protéine de fusion entière qui n’est presque pas 
détectable après déglycosylation de l'extrait protéique par l'endoH. Ce résultat a indiqué qu’il 
existe très certainement une protéolyse sévère de Ath1-mCherry. Comme la vacuole est très 
riche en protéinases, nous avons proposé que la protéolyse de cette protéine de fusion puisse 
potentiellement être liée à la localisation vacuolaire de Ath1. En faveur de cette hypothèse, il 
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est connu et bien décrit que des protéines de fusion à la GFP donnent effectivement un signal 
fluorescent persistant dans la vacuole, même si ce compartiment cellulaire est le point de 
destination normal et final de cette protéine pour son recyclage. La GFP, ou son variant la  
mCherry sont effectivement très stables vis-à-vis de la protéolyse et persistent sans problème 
dans ce compartiment cellulaire, ce qui pourrait expliquer le fort niveau de fluorescence 
observé dans la vacuole lors de nos expériences.  
Afin d'apporter une preuve supplémentaire quant à la localisation de Ath1 à la surface 
cellulaire, nous avons utilisé une deuxième méthodologie qui repose cette fois sur le système 
de fusion à l'invertase. Le principe repose sur l'utilisation d'un variant de l'invertase auquel le 
peptide signal de sécrétion a été enlevé, ce qui empêche sa sécrétion. Seule la fusion à ce 
variant  d'un peptide, ou d'une protéine ayant la propriété d'être sécrétée, permet de retrouver 
une activité invertase en surface cellulaire ainsi qu'une croissance cellulaire sur saccharose. 
Nous avons ainsi fusionné Ath1 à cette invertase interne, et réalisé des tests de 
complémentation d'un  mutant suc2∆. Cette protéine de fusion permet bien de récupérer une 
croissance du mutant suc2∆ dans le milieu contenant du sucrose comme seule source de 
carbone, ainsi que l’activité invertase à la surface cellulaire. Ce résultat  indique que Ath1 
peut amener l’invertase interne à la surface cellulaire, et que cette tréhalase possède donc elle-
même les déterminants structuraux nécessaires à sa sécrétion.  
Si l'on considère les résultats expérimentaux publiés par Huang et al (2007) et cette 
série d'expériences, nous avons ainsi pu conclure que Ath1 est bien localisée à la surface 
cellulaire et qu'elle possède les éléments structuraux nécessaires à cette sécrétion, tout comme 
ceux qui lui permettent d'être adressée à la vacuole où elle est probablement enclin à la 
dégradation.  
 
Localisation fonctionnelle de Ath1 chez Saccharomyces cerevisiae : Ath1 
joue son rôle à la surface, dans la vacuole, ou dans ces deux 
"compartiments cellulaires ?  
Nous nous sommes donc intéressés à savoir si ces deux localisations comptent pour la 
croissance cellulaire sur le tréhalose chez S. cerevisiae, afin de déterminer la réelle 
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localisation fonctionnelle de cette tréhalase. Pour ce faire, nous avons contraints Ath1 à 
rejoindre l'un ou l'autre de ces deux compartiments en fusionnant cette protéine à différents 
peptides signaux ciblant spécifiquement ces destinations.  
Il est communément reconnu que les informations de ciblage sont principalement 
présentes dans le domaine N-terminal des protéines. Par suppression du domaine N-terminal 
de Ath1 (Ath1∆N), nous avons entraîné une perte de la capacité de croissance des cellules sur 
tréhalose, ainsi qu'une localisation exclusivement vacuolaire. En fusionnant le peptide signal 
de l'invertase à l’Ath1∆N, peptide portant l'information nécessaire à un ciblage des protéines 
vers la surface, nous avons ainsi pu entraîner Ath1∆N à la surface et récupérer la croissance 
sur le tréhalose. Au contraire, en fusionnant le peptide signal de Pep4 à cette Ath1∆N,  
peptide nécessaire au transfert de la protéase vers la vacuole, nous avons observé que ce 
peptide signal contraignait encore Ath1 dans la vacuole, et aucune capacité de croissance des 
cellules sur tréhalose n’a pu être récupérée. 
Par conséquent, ces résultats indiquent très clairement que la localisation fonctionnelle 
de Ath1 est à la surface cellulaire, où elle clive le tréhalose et  permet la croissance de S. 
cerevisiae par simple assimilation de glucose. Le pool vacuolaire de tréhalase semble au 
contraire enclin à la protéolyse. Néanmoins, cette protéolyse ne dépend pas de la Protéinase A 
(PrA) qui a une activité d'endo aspartyl-protéinase et joue également un rôle dans la 
dégradation des protéines dans la vacuole. En effet, les données obtenues par Western-blot 
montrent que le mutant pep4 ne permet pas de bloquer, ni même diminuer la dégradation 
d'Ath1. 
 
Modèle d’assimilation de tréhalose exogène chez Saccharomyces cerevisiae 
Basé sur une localisation vacuolaire exclusive de cette protéine, deux modèles ont été 
proposés (Nwaka et Holzer, 1998) avant nos travaux. Le premier modèle suggérait que Ath1 
est transporté à la membrane plasmique où il se lie à tréhalose situés à la surface cellulaire, ce 
complexe enzyme-substrat étant ensuite internalisé par endocytose dans la vacuole où 
l'hydrolyse aurait lieu au pH optimal pour cet enzyme. Le deuxième modèle a estimé que 
seulement le tréhalose est livré à la vacuole par endocytose où il est hydrolysé par la tréhalase 
résidant dans compartiment cellulaire. Ces modèles, peu convaincants sur leur principe, sont 
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désormais caduques compte tenu des résultats que nous avons pu obtenir avec un mutant end3 
bloquant tout processus d'endocytose. En effet, mis en culture dans un milieu contenant du 
tréhalose comme unique source de carbone, le mutant end3 s'est révélé être parfaitement 
capable d'assimiler ce disaccharide et de permettre la croissance. Cette simple donnée 
génétique, ajoutée à nos données enzymologiques et de biologie cellulaire, sont autant 
d'arguments indépendants  qui soutiennent un modèle éminemment plus simple, déjà proposé 
dans le cadre d'une thèse précédente (Jules, 2005) : dans certains contextes génétiques, lorsque 
des souches de  S. cerevisiae sont capables d'exprimer le transporteur Agt1/Mall11, le tréhalose peut 
être importé dans le cytosol à l'instar du maltose,  et le disaccharide est alors clivé par la tréhalase 
Nth1 au niveau cytosolique. Lorsqu'elle existe, cette voie est cependant minoritaire, la majeure partie 
du tréhalose étant assimilée par hydrolyse directe de tréhalose en glucose à la surface cellulaire 
par le biais de la tréhalase "acide" extracellulaire (Ath1). 
 
2. Caractérisation des domaines potentiels de ciblage de Ath1 
chez Saccharomyces cerevisiae 
 
Etude in silico des domaines structuraux de Ath1 : pas de signal peptide de 
sécrétion 
La localisation de Ath1 en surface cellulaire indique que cette protéine possède très 
certainement des signaux de sécrétion dans sa séquence protéique. Nous avons donc réalisé 
les études suivantes afin de rechercher son domaine potentiel de sécrétion, en commençant 
simplement par une étude in silico de sa séquence peptidique avec des outils prédictifs.  
Le programme SMART, qui fait appel à une suite de logiciels prédictifs des caractères 
structuraux et fonctionnels présents dans les protéines, nous a permis d'identifier les trois 
domaines " glycosyl-hydrolase" caractéristiques des tréhalases "acide". Ces trois domaines 
permettent de classer cette protéine dans la famille GH65 de la base de donnée CAZy et 
constituent le cœur catalytique de Ath1. Un domaine transmembranaire (TM) a par ailleurs 
été trouvé dans la partie N-terminale d'Ath1, seule autre caractéristique structurale clairement 
identifiée dans cette très grosse protéine d'environ 1300 acides aminés. Malheureusement, 
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aucun peptide signal classique n'a pu être identifié contrairement à certaines autres tréhalases 
"acide" de champignons.  
Une recherche exhaustive de toutes les tréhalases "acide" et/ou extracellulaires de 
champignon,  simplement séquencées et éventuellement étudiées expérimentalement, nous a 
en effet  permis d'identifier plus d'une quinzaine de candidats dans la base de donnée de 
séquences GenBank. Analysées par le programme SMART, ces séquences se répartissent en 
deux groupes distincts : le premier, qui comprend TRE1 de Magnaporthe grisea,  s'apparente 
à la famille GH37 de CAZY, caractérisé par un cœur catalytique de type tréhalases "neutre", 
bien que leur propriété catalytique et localisation  extracellulaire les désigne sans ambiguïté 
comme tréhalase acide extracellulaire. Le second groupe se classe dans la famille GH65 
caractérisée par ses trois domaines tréhalase "acide". Un premier sous-groupe, à l'instar du 
premier cité ci-dessus, présente un peptide signal de sécrétion dans sa partie N-terminale, ce 
qui est en parfait accord avec la localisation extracellulaire de certaines de ces protéines qui 
ont été caractérisé expérimentalement comme ATC1 de Candida albicans opu TREA 
d'Aspergillus nidulans. Enfin, le second sous-groupe  qui comprend ATH1 de S. cerevisiae, ne 
possède pas de peptide signal classique mais se caractérise par la présence d'un segment 
transmembranaire. En complément des preuves expérimentales citées dans la partie I 
démontrant que Ath1 de S cerevisiae est bien une enzyme sécrétée, la suite logique de cette 
analyse in silico était de caractériser le ou les  éléments structuraux responsables de la  
sécrétion de cette protéine. En particulier, il devenait essentiel de déterminer la fonction du 
domaine transmembranaire et de voir notamment s'il pouvait jouer un rôle dans la sécrétion. 
 
Les 131 acides aminés en N-terminal contiennent les informations 
suffisantes pour la sécrétion de Ath1 
Dans la première partie, nous avons pu démontrer que Ath1 pleine taille peut entraîner 
le variant tronqué de l'invertase à la surface cellulaire. Dans la suite logique de cette 
expérience, nous avons cette fois fusionnée des fragments d'Ath1 de différentes tailles en 
amont de ce variant de l'invertase, de façon à identifier le fragment minimal pouvant 
permettre la complémentation du mutant suc2∆ par sécrétion de l'invertase.  
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Le domaine N-terminal de 131 acides aminés s'est révélé être suffisant pour récupérer 
une sécrétion normale de l'invertase (croissance sur saccharose et activité enzymatique 
extracellulaire), alors que la réduction de ce fragment N-terminal à seulement 69 acides 
aminés (arrêt juste après le domaine TM) ne permet qu'une complémentation partielle de ces 
paramètres. Enfin, cette capacité de sécrétion était totalement perdue en absence du domaine 
TM dans toutes ces constructions. Ces résultats indiquent que si le TM est essentiel pour 
l'expression de cette protéine et son adressage dans les voies de sécrétion (voir paragraphe ci-
dessous), la région entre les acides aminés 69 (après le TM) et 131 de la séquence de Ath1 
contient également des informations importantes pour le ciblage efficace d'Ath1 à la surface 
cellulaire. 
Cette approche expérimentale a ensuite été complétée par l'utilisation de la 
microscopie. En fusionnant ce domaine N-terminal de 131 aa au mCherry (Nter-mCherry), 
nous avons pu confirmer qu’il est suffisant pour observer une fluorescence dans la vacuole et 
à la surface cellulaire à l'instar de ce que nous avions pu observer avec Ath1 pleine taille 
fusionnée au mCherry. 
 
Le domaine transmembranaire (TM) est nécessaire pour l'expression de 
Ath1 
La totale incapacité de sécréter différentes constructions Ath1-invertase en absence du 
domaine TM nous a conduit à étudier plus en détail le rôle de ce domaine qui paraît essentiel. 
Eliminé de Ath1, il entraîne également une perte totale d'activité enzymatique , y compris sur 
extrait cellulaire, ce qui semblait indiquer qu'en absence de ce domaine la synthèse peptidique 
est impossible, ou qu'au minimum, les protéines (de fusion) ne sont plus fonctionnelles. Alors 
que les données obtenues par PCR en temps réel ont confirmé que le gène était bien transcrit, 
les résultats obtenus par western nous ont montré que la protéine, même partiellement clivée, 
n'est absolument plus détectée dans les extraits cellulaires. Par ailleurs, en absence du 
domaine transmembranaire dans la construction Nter-mCherry, cette protéine chimère 
Nter∆TM-mCherry disparaît de la vacuole et de la surface cellulaire pour se redistribuer dans 
de multiples loci non déterminés au niveau cytosolique. Si l'on considère le fait qu'aucune 
activité enzymatique ne peut être mesurée sur extrait brut lorsqu'on élimine le TM d'Ath1 ou 
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des protéines de fusion Ath1-invertase, il est probable  que cette localisation correspond à des 
lieux de recyclage protéiques (protéasomes?), pour des protéines qui ne peuvent plus être 
adressées correctement dans les circuits de sécrétion. Cette hypothèse n'a pas été validée 
expérimentalement, mais toutes ces données confirment toutefois le caractère essentiel du TM 
pour l'expression et la fonction de cette tréhalase acide chez S. cerevisiae. Par extension, il est 
possible d'envisager le même mécanisme de sécrétion et rôle essentiel du TM dans les 
tréhalases de champignons rassemblées dans le sous-groupe auquel appartient S. cerevisiae.  
 
3. Etude de la voie de sécrétion d'Ath1 chez Saccharomyces 
cerevisiae 
 
L'absence de peptide signal de sécrétion qui aurait permis d'envisager un trafic 
intracellulaire de Ath1 par une voie de sécrétion classique à l'instar de l'invertase, nous a 
conduit à développer différentes stratégies expérimentales pour amener quelques éléments de 
réponse sur le mode de transit intracellulaire de cette tréhalase. 
 
Ciblage vacuolaire de Ath1 
Alors que nous venions de démontrer sans ambiguïté que la localisation fonctionnelle 
de Ath1 est à la surface cellulaire, la présence d'un signal fluorescent très intense dans la 
vacuole ainsi que le mise en évidence par Western-blot d'une protéolyse de Ath1, nous a 
conduit à  étudier si la localisation vacuolaire de Ath1 est le résultat d'une endocytose de cette 
protéine en vue de sa dégradation. Ce processus, stimulé par l'ubiquitination des protéines, est 
en effet très répandu au sein des protéines membranaires, notamment des transporteurs. 
Alternativement, la localisation vacuolaire d'Ath1 peut être le résultat d'un adressage direct de 
la protéine, du Golgi vers cette organelle. Dans les deux cas toutefois, les vésicules 
d'endocytose regroupées en une structure appelée endosome, ou les vésicules libérées par le 
Golgi à destination de la vacuole, fusionnent au compartiment prevacuolaire (PVC) avant 
d'atteindre la vacuole.  
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Différents mutants nous ont ainsi permis d'élucider laquelle de ces deux voies est 
empruntée par Ath1. Trois protéines importantes impliquées dans ces étapes ont été choisies. 
Vps1 joue un rôle dans le transport entre l'appareil de Golgi et le PVC ; End3 est une protéine 
essentielle dans le processus d'endocytose, son absence bloquant ce processus ; Enfin, Vps4 
fonctionne lors de la dernière étape de fusion du PVC à la vacuole. 
Dans le mutant vps4∆, nous avons observé que Ath1 était totalement bloquée hors de 
la vacuole dans des loci entourant la vacuole et correspondant certainement compartiment 
prevacuolaire (PVC), confirmant ainsi que Vps4 est bien nécessaire au transfert d'Ath1 dans 
la vacuole. De façon très intéressante, ce mutant n'a pas bloqué l'apparition de fluorescence à 
la surface cellulaire. Ce mutant ne présentait pas non plus de défaut d’activité d’Ath1 par 
rapport à la souche sauvage, ni pour la part d'activité extracellulaire, ni pour l'activité totale. 
Ces résultats indiquent que la localisation vacuolaire n’est pas indispensable pour que Ath1 
soit fonctionnelle et permette la croissance sur tréhalose. Par ailleurs, le résultat obtenu par 
Western-blot a montré que la protéine Ath1 pleine taille est bien plus visible dans ce mutant 
que dans le contrôle sauvage, une réduction de l'activité protéolytique confirmant que la 
protéolyse d'Ath1 a essentiellement lieu dans la vacuole. 
Dans le mutant d'endocytose end3∆, Ath1 pouvait encore être envoyée à la vacuole,  
écartant ainsi l'hypothèse de départ d'un recyclage possible de la protéine après son passage 
par la membrane plasmique. Toutefois, nous avons pu observer des changements, tant sur le 
profil de fluorescence que sur l'activité enzymatique, le signal en surface cellulaire étant  
diminué et l'activité Ath1 étant beaucoup plus faible dans ce mutant que dans la souche 
sauvage. Nous n'avons pas d'explication à ces observations. Quoi qu'il en soit, ces résultats 
indiquent que la fraction vacuolaire d'Ath1 n'est pas le résultat d'un processus d'endocytose. 
Enfin, lorsque Vps1 a été supprimée, nous avons pu constater que Ath1 est bloquée 
hors de la vacuole, alors qu'elle est encore présente à la surface cellulaire. L'activité de Ath1 
est aussi beaucoup plus élevée que dans la souche sauvage, ce qui est probablement lié au fait 
que le blocage du tri de l'appareil de Golgi vers la vacuole favorise le ciblage vers la surface 
cellulaire. La principale conclusion de cette expérience est toutefois que le ciblage d'Ath1 vers 




Ciblage de Ath1 à la surface cellulaire 
La plupart des protéines sécrétées empruntent la voie "classique" de sécrétion, du 
Réticulum Endoplasmique à l’appareil de Golgi, puis du Golgi vers la membrane plasmique. 
Malgré l'absence de peptide signal de sécrétion, nous nous sommes toutefois demandé si Ath1 
ne pourrait pas emprunter cette voie sachant que cette protéine est fortement glycosylée. En 
effet, la glycosylation des protéines ayant lieu principalement dans le RE et le Golgi, il se peut 
que la glycosylation d'Ath1 soit liée à son transit par cette voie classique de sécrétion.  
Chez S. cerevisiae, la protéine Sec18 est impliquée dans une étape entre le RE et le 
Golgi, alors que Sec6 fonctionne dans une étape plus tardive entre l'appareil de Golgi et la  
membrane plasmique. Ces deux protéines ne sont que deux exemples représentatifs qui ont 
été étudié dans le cadre de ce travail, en tenant compte de la contrainte suivante: la plupart des 
protéines impliquées dans ce mécanisme de sécrétion sont en effet essentielles pour la 
viabilité cellulaire. Nous avons utilisé des mutants dits conditionnels, dans lesquels les 
protéines Sec sont sensibles à la température. Elles ne sont fonctionnelles qu'à une 
température permissive (normalement à 24 ° C), perdent cette activité à la température 
restrictive (normalement à 37 ° C), phénomène qui est toutefois réversible et a été exploité 
dans les expériences citées ci-dessous où l'on bloque transitoirement le transfert de protéines 
de façon à ce qu'elles s'accumulent à certaines étapes. 
Dans le mutant sec18, l'activité Ath1 a ainsi été perdue à température restrictive. 
Après retour à la température permissive, l’activité a augmenté immédiatement, y compris 
l’activité en surface cellulaire. Ce résultat nous a clairement indiqué que la protéine Sec18 qui 
fonctionne à l'étape de ER à Golgi est impliquée dans la sécrétion de Ath1. 
Dans le mutant sec6, l'activité de Ath1 était relativement plus faible que dans la 
souche sauvage à la température restrictive, y compris pour l’activité à la surface cellulaire. 
Ce résultat semblait indiquer que la protéine Sec6, qui agit entre le Golgi et la membrane 
plasmique, joue un certain rôle dans la sécrétion de Ath1. Toutefois, son absence transitoire 
n'a pas totalement  bloqué sa sécrétion à l'instar du résultat obtenu pour Sec18, nous amenant 
ainsi à la conclusion d'autres protéines participent très certainement à cette étape et peuvent 
éventuellement se substituer à Sec6. 
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Par exemple, Sso1 et Sso2 sont deux autres composantes du complexe SNARE et 
jouent un rôle dans l’étape entre l'appareil de Golgi et la  membrane plasmique dans la voie 
classique de sécrétion. Contrairement aux données bibliographiques relatives à d'autres 
protéines sécrétées, la surexpression de Sso1 ou Sso2, respectivement, ou leur suppression, n'a 
pas provoqué de changement significatif sur l'activité de Ath1 à la surface cellulaire. D'autres 
protéines impliquées dans cette étape tardive de la sécrétion  pourraient être testées afin de 
clarifier le mécanisme de sécrétion de cette tréhalase. 
 
Recherche des régulateurs de sécrétion de Ath1 
À partir des résultats obtenus ci-dessus, il était très difficile de conclure de façon 
définitive si la localisation des Ath1 à la surface cellulaire résulte d'un transfert de cette 
protéine  par la voie classique de sécrétion. Par conséquent, nous avons cherché des 
mécanismes indirects qui pouvaient expliquer la sécrétion de la tréhalase à la surface 
cellulaire. Enfin, la stratégie développée et décrite dans le dernier paragraphe, basée sur un 
crible à grande échelle et sans a priori de mutants de délétion, pouvait se révéler intéressante 
pour la caractérisation de mécanismes alternatifs de sécrétion de protéines chez  S. cerevisiae.  
Parmi les candidats potentiels pouvant affecter l'efficacité de sécrétion d'Ath1, nous 
nous sommes intéressés au rôle Mnn10 et Mnn11, deux mannosyltransferases déjà décrites 
pour avoir affecté la sécrétion de protéines sécrétées chez S. cerevisiae. Leur délétion a 
notamment entraîné une libération significative de Ath1 dans le milieu de culture, appuyant 
ainsi l'idée que la mannosylation est un élément important pour le contrôle de la sécrétion de  
Ath1 vers le milieu, et confortant surtout l'idée que Ath1, une fois encore, est soumis à des 
mécanismes relativement classiques de maturation et sécrétion.   
Un autre élément a attiré notre attention. Il s'agissait de données récurrentes de 
bibliographie décrivant des essais de purification de Ath1,  très facilement contaminés par 
deux autres glycoprotéines, l'invertase, et une autre protéine, également envoyée à la surface 
cellulaire et nommée Ygp1 (ou gp37). Cette  glycoprotéine de 37 - 41 kDa est codée par 
YGP1, dont l'expression est considérablement augmentée en réponse à une limitation des 
éléments nutritifs. L'analyse du domaine N-terminal de Ygp1 a révélé un peptide signal de 
sécrétion classique. Cette co-purification nous a conduit à supposer que ces trois protéines 
27 
 
pourraient être physiquement très proches, si ce n'est associées dans la cellule, et ainsi 
permettre à Ath1 de transiter vers la surface cellulaire aux simples dépends de ces deux 
protéines qui serviraient alors de protéines "carrier".  
L'interaction physique a tout d'abord été vérifiée indirectement en démontrant leur co-
localisation. Ainsi, lorsque Ath1 a été étiquetée avec le mCherry, et Ygp1 avec le CFP, une 
autre protéine fluorescente en bleue, ces deux protéines chimères exprimées dans la même 
cellule ont montré une parfaite co-localisation. Cette co-localisation n'étant pas la preuve 
d'une association physique, nous avons poursuivi cette étude par l'utilisation du double-
hybride. Le résultat s'est révélé négatif. Toutefois, nous sommes encore sceptiques quant à 
cette donnée compte tenu de certaines limites d'utilisation de ce système. L'activation de la 
transcription des gènes rapporteurs nécessite en effet que les deux protéines de fusion que l'on 
teste entrent dans le noyau, ce qui peut être délicat pour des protéines entrant directement 
dans les voies de sécrétion dès leur traduction. Ainsi, une perspective de ce travail aurait été 
de procéder à une analyse de leur interaction par co-immunoprécipitation, technique qui 
reflète parfaitement l'interaction in vivo de protéines, quelle que soit leur localisation 
cellulaire. Ces données biochimiques ont toutefois été complétées par une approche génétique 
décrite ci dessous.  
Nous avons ainsi vérifié la conséquence de la suppression ou de  la sur-expression de 
Ygp1 sur la fonction de Ath1. Ces expériences ont révélé que ni la suppression, ni la 
surexpression de YGP1 n'ont d'effet ni sur l'expression du gène ATH1 (PCR en temps réel), ni 
sur l'activité à la surface cellulaire qui correspondait à la sécrétion de Ath1, ni sur la 
croissance cellulaire sur tréhalose. De la même façon, nous avons pu constater que Ath1 est 
parfaitement sécrétée à la surface cellulaire dans le mutant suc2∆ (fluorescence), délétion qui 
n'entraîne donc pas d'effet sur la croissance cellulaire sur le tréhalose, ni sur l'activité de Ath1.  
Par conséquent, même si les approches biochimiques n'ont pas encore validé si les 
protéines Ath1, Ygp1 et Suc2 interagissent physiquement, les données génétiques ont 





Une approche globale pour le criblage de mutants de sécrétion d'Ath1 
Enfin, afin de réaliser une recherche exhaustive des facteurs pouvant influencer la 
sécrétion d'Ath1, nous avons décidé de cribler la collection de levures « Knock-Out » qui 
contient plus de 5000 mutants, chaque mutant correspondant à la délétion d'un gène unique 
non essentiel. Ces mutants ont été testés pour leur capacité d'assimilation du tréhalose, avec 
l'espoir de découvrir les gènes importants pour la fonction d'Ath1, tant pour l'expression du 
gène, que pour la maturation et sécrétion de la protéine. Compte tenu de la taille de la 
collection, nous avons entrepris ce criblage en utilisant un robot, le Q-Pix, capable de 
transférer très facilement et en toute sécurité les souches conservées en microplaques 96 puits 
vers d'autres microplaques contenant d'autres milieux de culture, dont un milieu riche comme 
témoin positif de croissance et un milieu tréhalose dans lequel nous testons la capacité de 
croissance du mutant. Nous sommes en train de caractériser 36 mutants qui présentent un 
















3 The yeast Saccharomyces cerevisiae 
3.1 General idea 
The word "yeast" comes from Old English gist, gyst, and from the Indo-European root 
yes-, meaning boil, foam, or bubble. Yeast microbes are probably one of the earliest 
domesticated organisms. Archaeologists digging in Egyptian ruins found early grinding stones 
and baking chambers for yeasted bread, as well as drawings of 4,000-year-old bakeries and 
breweries. In 1680 the Dutch naturalist Antonie van Leeuwenhoek first microscopically 
observed yeast, but at the time did not consider them to be living organisms but rather 
globular structures. In 1857 French microbiologist Louis Pasteur proved in the paper 
"Mémoire sur la fermentation alcoolique" that alcoholic fermentation was conducted by 
living yeasts and not by a chemical catalyst. 
Yeasts are eukaryotic microorganisms classified in the kingdom Fungi, with about 
1,500 species currently described; they dominate fungal diversity in the oceans. Most of them 
reproduce asexually by budding, although a few do by binary fission. Yeasts are unicellular, 
although some species with yeast forms may become multicellular through the formation of a 
string of connected budding cells known as pseudohyphae, or false hyphae as seen in most 
molds. 
Saccharomyces cerevisiae is a species of budding yeast, and cells are round to ovoid, 
5–10 micrometers in diameter. It is believed that it was originally isolated from the skins of 
grapes (one can see the yeast as a component of the thin white film on the skins of some dark-
colored fruits such as plums; it exists among the waxes of the cuticle). It is thought to be the 
most useful yeast owing to its use in baking and brewing throughout history.  
 
3.2 Physiology of Saccharomyces cerevisiae 
All strains of Saccharomyces cerevisiae can grow aerobically on glucose, maltose, and 
trehalose and fail to grow on lactose and cellobiose. The ability of yeasts to use different 
sugars can differ, depending on whether they are grown aerobically or anaerobically. In many 
cases the growth on certain sugars (especially maltose and trehalose) occurs only under 
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aerobic conditions, and not in anaerobiosis or in the absence of respiration. Fermentation is 
not operative under these conditions. This apparent dependence of sugar utilization on the 
respiration has been called Kluyver effect (Fukuhara, 2003), and such ‘respiration-dependent’ 
species are called Kluyver effect positive. A yeast may be Kluyver effect positive for some 
sugars and not for others. The physiological meaning and the molecular basis of the 
phenomenon are not clear. However, this apparent dependence on respiration for the 
utilization of certain sugars has often been suspected to be associated with the mechanism of 
the sugar uptake step. Goffrini et al. hypothesized that in many yeast species, the permease 
activities for these sugars are not sufficient to ensure the high substrate flow that is necessary 
for fermentative growth. They have obtained Kluyveromyces lactis strains that were able to 
grow on galactose and raffinose in the absence of respiration by introducing additional sugar 
permease genes. They also found that high dosages of both the permease and maltase genes 
were indeed necessary for K. lactis cells to grow on maltose in the absence of respiration. 
Thus these authors suggested that the sugar uptake step is the major bottleneck in the 
fermentative assimilation of certain sugars in K. lactis and probably in many other yeasts 
(Goffrini et al., 2002). 
All strains can utilize ammonia and urea as sole nitrogen source, but cannot utilize 
nitrate since they lack the ability to reduce them to ammonium. They can also utilize most 
amino acids, small peptides and nitrogen bases as a nitrogen source. Histidine, glycine, 
cystine and lysine are however, not readily utilized. Saccharomyces cerevisiae does not 
excrete proteases, so extracellular proteins cannot be metabolized. 
Yeasts have also a requirement for phosphorus, which is assimilated as a dihydrogen 
phosphate ion, and sulfur, which can be assimilated as a sulfate ion or as organic sulfur 
compounds like methionine and cystine. Some metals like magnesium, iron, calcium, zinc are 
also required for proper growth of the yeast cells. 
 
3.3 Life cycle and mating type of Saccharomyces cerevisiae 
Saccharomyces cerevisiae can stably exist either as  haploid or  diploid. Both haploid 
and diploid yeast cells reproduce by mitosis, with daughter cells budding from mother cells 
(Figure 1A). Haploid cells are able to mate with other haploid cells of the opposite mating 
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type (an a cell can only mate with an α cell, and vice versa) to produce a stable diploid cell. 
Diploid cells, usually upon facing stressful conditions such as nutrient depletion, can undergo 
meiosis to produce four haploid spores: two a spores and two α spores. 
How can the mating process happen? A group of chemical signals is involved in this 
process. The a cells can produce ‘a-factor’, a mating pheromone which signals the presence of 
an a cell to neighbouring α cells. Meanwhile, the a cells can only respond to “α-factor”, the α 
cell mating pheromone, by growing a projection (known as a schmoo) towards the source of 
α-factor (Figure 1B). Similarly, α cells produce “α-factor”, and only respond to “a-factor” by 
growing a projection towards the source of the pheromone. The response of haploid cells only 
to the mating pheromones of the opposite mating type allows mating between a and α cells, 
but not between cells of the same mating type. 
           
Figure 1 The yeast cells’ life cycle: 1. Budding; 2. Conjugation; 3. Spore (A); two haploid yeast of opposite 
mating types secrete pheromones, grow projections and mate (B). 
 
The mating type locus (MAT) is the primary determinant of cell type: a cells carry the 
MATa allele and α cells carry the MATα allele. MATα encodes two proteins: αl, which 
activates α-specific transcription, and α2, which represses a-specific transcription. The αl 
protein binds with a protein designated pheromone/receptor transcription factor (PRTF) to 
sequences in the regulatory regions of α-specific genes (Bender and Sprague, 1987). The α2 
protein binds cooperatively with protein GRM (general regulator of mating type, which is the 
A                                                            B                        
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same as PRTF) to sequences in a-specific genes (Keleher et al., 1988). In Saccharomyces 
cerevisiae, the STE12 gene product is required for the transcription of two sets of cell-type-
specific genes: the a-specific genes (active only in a cells) and the α-specific genes (active 
only in α cells) (Mahmud et al., 2009). Ste12 induces expression of these genes through Ste12 
binding sites, or pheromone response elements [PREs; TGAAAC(A/G)], at their promoters 
(Sprague, 1992). 
 
3.4 A model organism 
Much like Escherichia coli as the model for the prokaryote, Saccharomyces cerevisiae 
is one of the most intensively studied eukaryotic model organisms in molecular and cellular 
biology because it scores favorably on a number of the following criteria. 
 As a single cell organism, Saccharomyces cerevisiae is small with a short 
generation time (doubling time 1.5-2 hours at 30 °C) and can be easily 
cultured. These are all positive characteristics allowing rapid production and 
maintenance of multiple specimen lines at low cost. 
 Saccharomyces cerevisiae can be transformed allowing for either the addition 
of new genes or deletion through homologous recombination. Furthermore, the 
ability to grow Saccharomyces cerevisiae as a haploid simplifies the creation 
of gene knockouts strains. 
 As an eukaryote, Saccharomyces cerevisiae shares the complex internal cell 
structure of plants and animals (e.g. a nuclear membrane, cytoplasmic 
organelles such as mitochondria and second messenger systems and so on), but 
without the high percentage of non-coding DNA that can baffle research in 
higher eukaryotes. 
 As described above, Saccharomyces cerevisiae cells have a life cycle allowing 
cells to pass from haploid to diploid, thus it is a convenient method to mix 
genetic information during mating and meiosis. 
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 Saccharomyces cerevisiae research had a strong economic driver, at least 
initially, as a result of its established use in industry (e.g. beer, bread and wine 
fermentation). 
 
3.5 Cell structure of Saccharomyces cerevisiae 
Saccharomyces cerevisiae cells contain a set of subcellular compartments typical of 
eukaryotic cells (Figure 2, Table 1). Morphologically, or at least functionally, defined 
organelles include the nucleus, endoplasmic reticulum, Golgi apparatus, vacuole, secretory 
vesicle, mitochondria, endosome, ribosome and the cell envelope which consists of a rigid 
cell wall detached from the plasma membrane by the periplasmic space, separating the 
interior of the cell from the outside environment. This part describes the basic knowledge of 









Table 1 Function and structure of yeast cell organelles 
Organelle Function Composition or Structure 
cell wall provides structural support and 
protection 
mannoprotein, β-glucans and 
chitin 
plasma membrane separating the interior of a cell from 
the outside environment 
single-membrane  
nucleus DNA maintenance, RNA transcription double-membrane compartment 
endoplasmic reticulum translation and folding of new proteins 
(rough endoplasmic reticulum), 
expression of lipids (smooth 
endoplasmic reticulum) 
single-membrane compartment 
Golgi apparatus sorting and modification of proteins single-membrane compartment 
vacuole storage, homeostasis single-membrane compartment 
secretory vesicle material transport single-membrane compartment 
mitochondrion energy production double-membrane compartment 
ribosome translation of RNA into proteins RNA-protein 
 
 
3.5.1 Cell wall 
The S. cerevisiae cell wall represents about 30% of the dry weight of the cell and is 
composed largely of polysaccharides (85%) and proteins (15%) (Nguyen et al., 1998). 
Extensive biochemical analyses reveal that glucose, N-acetylglucosamine (GlcNAc), and 
mannose residues represent 80 to 90%, 1 to 2%, and 10 to 20% of the total polysaccharide, 
respectively. Glucose residues are linked to other glucose molecules through β-1,3 and β-1,6 
linkages. Chains of β-1,3-linked glucose residues are branched by β-1,6 linkages, forming a 
fibrillar β-glucan (Lesage and Bussey, 2006). Chitin is mostly restricted to the bud scar 
(Cabib and Bowers, 1971) and constitute arround 2% - 6% of the cell wall material in 
different growing conditions (Aguilar-Uscanga and Francois, 2003). The precise arrangement 
of these components in the cell wall of Saccharomyces cerevisiae is unknown, but the 
available experimental evidences have been combined in a model (Lesage and Bussey, 2006; 
Zlotnik et al., 1984): the outer layer of the wall consists of mannoproteins linked to each other 
by S-S or thioester bonds and hydrophobic interaction, and linked by covalent bonds of 
unknown nature to glucan, which forms the inner cell wall layer. Both layers are not 
completely separated; mannoproteins may penetrate the glucan layer to a certain but unknown 





Figure 3 Yeast cell wall structure 
The wall gives cells rigidity and strength, offering protection against mechanical 
stress. It permits the cell to hold its shape. The cell wall also limits the entry of large 
molecules that may be toxic to the cell. It further permits the creation of a stable osmotic 
environment by preventing osmotic lysis and helping to retain water. 
 
3.5.2 Plasma membrane 
Plasma membranes contain a variety of biological molecules, notably lipids 
(phospholipids, glycolipids and steroids) and proteins. It also contains carbohydrates, 
predominantly glycoproteins, but with some glycolipids (cerebrosides and gangliosides). For 
the most part, no glycosylation occurs on membranes within the cell; rather glycosylation 
occurs generally on the extracellular surface of the plasma membrane.  
According to the fluid mosaic model of S. J. Singer and Garth Nicolson, the biological 
membranes can be considered as a two-dimensional liquid where all lipid and protein 
molecules diffuse more or less freely (Singer and Nicolson, 1972). The plasma membrane 
consists primarily of a thin layer of amphipathic phospholipids which spontaneously arrange 
so that the hydrophobic "tail" regions are shielded from the surrounding polar fluid, causing 
the more hydrophilic "head" regions to associate with the cytosolic and extracellular faces of 




Figure 4 Fluid mosaic membrane model and lipid bilayer 
The cell membrane surrounds the cytoplasm of a cell and physically separates the 
intracellular components from the extracellular environment, thereby serving a similar 
function to that of skin. It harbours a large amount of proteins that are responsible for its 
various activities, such as cytoskeleton contact, signaling, enzymatic activities, and most 
importantly transporting substances across the membrane (De Hertogh et al., 2002; Nelissen 
et al., 1997). The movement of substances across the membrane can be either passive, 
occurring without the input of cellular energy, or active, requiring energy. 
The proteins of the plasma membrane have been analyzed by high-resolution 2D-
PAGE to find marker polypeptides (Robertson et al., 1980) or to study the membrane 
assembly in relation to secretory processes (Tschopp et al., 1984). The efficiency of different 
detergents to solubilize plasma membrane proteins has been compared (Navarette and Serrano, 
1983). Only a few enzymes have been released in a functional state from the plasma 
membrane and identified in the pattern of the membrane polypeptides.  
In 1993, Milton Saier identified a large phylogenetic superfamily of membrane 
secondary transporters that he called the “Major Facilitators” (MFS) (Marger and Saier, 
1993). On the basis of the complete genome sequence of the budding yeast Saccharomyces 
cerevisiae, a computer-assisted analysis was carried out to identify all members of the MFS, 
which typically consists of permeases with 12 transmembrane spans. Analysis of the 5885 
predicted open reading frames identified 186 potential MFS proteins (Nelissen et al., 1997). A 
update was performed in 1998 (Paulsen et al., 1998a), when the use of the Transporter 
Classification (TC) nomenclature had been validated by the phylogenetic analysis of all 
predicted transporters from the first sequenced bacterial genomes (Paulsen et al., 1998b). In 
2002, De Hertogh have extended the Transporter Classification (TC) and created a Membrane 
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Classification (MC) for non-transporter membrane proteins. They classified an additional set 
of 538 membrane proteins (transporters and non-transporters) (De Hertogh et al., 2002). 
Among these membrane proteins, a certain proportion are present in the plasma membrane. 
 
3.5.3 Nucleus 
The yeast cell has an isolated organelle called nucleus that contains the nuclear 
genetic material. The nucleus is a membrane-enclosed organelle found in eukaryotic cells. It 
contains multiple long linear DNA molecules in complex with a large variety of proteins, such 
as histones, to form chromosomes. The genes within these chromosomes are the cell's nuclear 
genome.  
The structure enclosing the nucleus is the nuclear envelope (Figure 5), a double 
membrane that separates the nuclear contents from the cellular cytoplasm, and the nuclear 
lamina, a meshwork within the nucleus that adds mechanical support. Because the nuclear 
membrane is impermeable to most molecules, nuclear pores are required to allow movement 
of molecules across the envelope. Nuclear pores are formed where the inner and outer nuclear 
membrane fuse. A supramolecular assembly nuclear pore complex (NPC) resides within the 
pore. Small molecules and metabolites diffuse through the aqueous channels of the NPCs. The 
movement of larger molecules such as proteins is carefully controlled, and requires active 
transport regulated by carrier proteins (Dingwall and Laskey, 1986). Nuclear transport is 
crucial to cell function, as movement through the pores is required for both gene expression 





Figure 5 Yeast cell nucleus. 
The function of the nucleus is to maintain the genetic information of the cell and to 
control the activities of the cell by regulating gene expression and by mediating the 
replication of DNA during the cell cycle - the nucleus is therefore the control center of the 
cell. 
 
3.5.4 Endoplasmic reticulum 
The general structure of the endoplasmic reticulum is an extensive membrane network 
of cisternae (sac-like structures) held together by the cytoskeleton. The phospholipid 
membrane encloses a space, the cisternal space (or lumen), from the cytosol (Figure 6). The 
cells have two varieties of endoplasmic reticulum corresponding to rough endoplasmic 
reticulum (RER) and smooth endoplasmic reticulum (SER). The membrane of the RER is 
continuous with the outer layer of the nuclear envelope. The surface of the rough endoplasmic 
reticulum (RER) is studded with protein-manufacturing ribosomes giving it a "rough" 
appearance (Campbell, 1996). The RER is not always studded with these ribosomes, however; 
initially, the RER appears smooth due to a lack of resident ribosomes. The ribosomes only 




Figure 6 Endoplasmic reticulum and Golgi apparatus. 
1 Nucleus   2 Nuclear pore   3 Rough endoplasmic reticulum (RER)   4 Smooth endoplasmic reticulum 
(SER)   5 Ribosome on the rough ER   6 Proteins that are transported   7 Transport vesicle   8 Golgi 
apparatus   9 Cis face of the Golgi apparatus   10 Trans face of the Golgi apparatus   11 Cisternae of the Golgi 
apparatus 
The rough endoplasmic reticulum serves many general functions, including disulfide 
bond formation and rearrangement of proteins, protein folding, glycosylation and the transport 
of synthesized proteins in sacs called cisternae. The smooth endoplasmic reticulum (SER) has 
functions in several metabolic processes, including synthesis of lipids and steroids, 
metabolism of carbohydrates, regulation of calcium concentration, drug detoxification, 
attachment of receptors on cell membrane proteins, and steroid metabolism. 
 
3.5.5 Golgi  apparatus 
The Golgi apparatus (also called the Golgi body, Golgi complex, or dictyosome) is an 
organelle found in most eukaryotic cells. It was identified in 1898 by the Italian physician 
Camillo Golgi and was named after him. 
The Golgi apparatus is usually composed of 4-8 membrane-bound stacks known as 
cisternae (Figure 6). Each cisternae comprises a flattened membrane disk, and carries Golgi 
enzymes to help or to modify cargo proteins that travel through them. The cisternae stack has 
five functional regions: the cis-Golgi network, cis-Golgi, medial-Golgi, trans-Golgi, and 
trans-Golgi network. Each region contains different enzymes which selectively modify the 
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contents depending on where they reside (Lodish, 2004). In the yeast Saccharomyces 
cerevisiae, the Golgi apparatus appears to be dispersed in the cytoplasm. 
The primary function of the Golgi apparatus is to process and package 
macromolecules, such as proteins and lipids, after their synthesis and before they make their 
way to their destination. Enzymes within the cisternae are able to modify substances by the 
addition of carbohydrates (glycosylation) and phosphates (phosphorylation), which is 
particularly important in the processing of proteins for secretion. 
 
3.5.6 Vacuole 
Form and size of the vacuole may change considerably during the cell cycle. Large 
vacuoles, which represent by far the most voluminous organelles of the yeast cell, shrink and 
fragment into small vesicles at the stage of bud initiation. Each time Saccharomyces 
cerevisiae cells bud they ensure that both the mother and daughter cell inherit a vacuole by 
actively transporting a portion of the vacuole into the bud. As the mother cell begins budding, 
a tubular and vesicular segregation structure forms that is transported into the bud by the 
myosin V motor Myo2, which is bound to the vacuole-specific myosin receptor, Vac17 
(Ishikawa et al., 2003). Upon arrival in the bud the segregation structure is resolved to form 
the daughter vacuole. The mechanism that regulates segregation structure resolving in a 
spatially dependent manner is unknown. In addition to resolving the segregation structure, 
Vac17 is degraded specifically in the bud to provide directionality to vacuole inheritance. It 
has been proposed that bud-specific degradation of Vac17 is promoted by proteins localized 
to or activated solely in the bud (Weisman, 2003). 
Many proteases, including carboxypeptidase Y (CPY) (Muller and Muller, 1981), 
carboxypeptidase S (Cps1) (Bordallo et al., 1991), Vacuolar proteases proteinase A 
(Ammerer et al., 1986) and B (Fujishiro et al., 1980), Aminopeptidase (Schu, 2008) and 
several other enzymes, such as alpha-mannosidase (Ams1) (Massaad et al., 1999), alkaline 
phosphatase (Pho8) (Donella-Deana et al., 1993), vacuolar-ATPase (Vph1) (Manolson et al., 
1994) have been detected in the yeast vacuole. The characteristic content of proteases and 
other hydrolases has led to the suggestion that vacuoles play a similar role in yeast cells to 
that of lysosomes in animal cells. 
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The second principal function of yeast vacuoles is storage of metabolites. One-fourth 
of the amino acids pool and an even higher percentage of arginine have been found in the 
vacuolar fraction of Saccharomyces cerevisiae protoplasts (Martinoia et al., 1979). 
Polyphosphate has been found to be located exclusively in the vacuole (Hurlimann et al., 
2007). 
Vacuoles also play a major role in autophagy, maintaining a balance between 
biogenesis (production) and degradation (turnover), of many substances and cell structures in 
certain organisms. Vacuoles also participate in destruction of misfolded proteins that have 
begun to accumulate within the cell. 
 
3.5.7 Mitochondrion 
A mitochondrion is a membrane-enclosed organelle found in most eukaryotic cells 
(Henze and Martin, 2003). It contains outer and inner membranes composed of phospholipid 
bilayers and proteins (Alberts, 1994). The two membranes, however, have different 
properties. Because of this double-membraned organization, there are five distinct 
compartments within the mitochondrion (Figure 7). There is the outer mitochondrial 
membrane, the intermembrane space (the space between the outer and inner membranes), the 
inner mitochondrial membrane, the cristae (formed by folding of the inner membrane), and 
the matrix (space within the inner membrane). 
 
Figure 7 Structure of mitochondrion 
The mitochondria are sometimes described as "cellular power plants" because they 
generate most of the cell's supply of adenosine triphosphate (ATP), used as a source of 
44 
 
chemical energy (Campbell, 2006). ATP synthase is a general term that synthesizes adenosine 
triphosphate (ATP) from adenosine diphosphate (ADP) and inorganic phosphate by using the 
electrochemical transmembrane proton gradient generated by a series of redox reactions in the 
respiratory chain (Pedersen, 1996). The yeast mitochondria differ from mammalian 
mitochondria, by the absence of the complex I in S.cerevisiae. Instead, yeast mitochondia 
oxidize cytosolic NADH directly by  NADH dehydrogenase (Bakker et al., 2001) (Figure 8).  
 
 
Figure 8 Yeast respiratory chain (oxidative phosphorylation). Complex II: Succinate dehydrogenase 
complex; complex III: cytochrome bc1 complex; complex IV: cytochrome c oxidase complex; complex V: ATP 
synthase complex. 
 
In addition to supplying cellular energy, mitochondria are involved in a range of other 
processes, such as signaling, cellular differentiation, cell death, as well as the control of the 
cell cycle and cell growth. 
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4 A reserve carbohydrate: trehalose 
4.1 Distribution of trehalose in nature 
Trehalose (alpha-D-glucopyranosyl (11) alpha-D-gluocopyranoside), is a natural 
alpha-linked non-reducing disaccharide formed by an α, α-1, 1-glucoside bond between two 
glucose units (Figure 9A). In 1832 Wiggers discovered trehalose in an ergot of rye (Figure 9B) 
and in 1859 Berthelot isolated it from cocoons of the beetle Larinus that were used for 
medicinal purposes (Figure 9C). These cocoons were called ‘trehala’, inspiring Berthelot to 
name the sugar ‘trehalose’.  
 
       
Figure 9 Structure of trehalose (A); ergot infection on an ear of corn (B); the beetle Larinus maculata and 
trehala, its trehalose-containing cocoon (C). 
 
Trehalose can be found in some animals, plants, and microorganisms including fungi 
and bacteria. Trehalose is prevalent in shrimps, and also in insects, including grasshoppers, 
locusts, butterflies, and bees, in which blood-sugar is trehalose (Figure 11). Trehalose is also 
present in the nutrition exchange liquid of hornets and their larvae. In plants, the presence of 
trehalose is seen in selaginella plants and sea algae (Figure 12). Within the fungus family, it is 
prevalent in some mushrooms such as shiitake (Lentinula edodes), maitake (Grifola fondosa), 
nameko (Pholiota nameko), and Judas's ear (Auricularia auricula-judae) which can contain 
1% to 17% percent of trehalose in dry weight (thus it is also referred to as mushroom sugar) 
(Figure 13). In yeast, trehalose accumulates to remarkable high levels, up to 25% of the dry 
A B C 
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weight of the cell, in stationary phase cells and spores, as well as in cells exposed to 
environmental stresses, such as heat stress (Francois and Parrou, 2001; Wiemken, 1990). 
 
4.1.1 In animals  
4.1.1.1 Shrimp 
Shrimp is popular seafood that widespread over the world. In commercial farming and 
fisheries, shrimps have been widely grown and caught. The global production of shrimps can 
reach several million tonnes per year. As with other seafood, shrimp is high in calcium, iodine 
and protein but low in food energy. In addition, trehalose has been also found among these 
ingredients.  
4.1.1.2 Brine shrimp 
Brine shrimp is the English name of the genus Artemia of aquatic crustaceans. 
Artemia, the only genus in the family Artemiidae, have evolved little since the Triassic period. 
Artemia are found worldwide in inland saltwater lakes, but not in oceans. 
The genus Artemia is found in harsh, hypersaline habitats world-wide. Cysts of 
Artemia contain very large concentrations of trehalose, commonly about 15% of the dry cyst 
mass, and making up close to 85% of the total alcohol-soluble carbohydrates (ASC) (Clegg 
and Jackson, 1992). This high concentration of trehalose has something to do with the 
desiccation tolerance of the brine shrimp in their living environment.  
4.1.1.3 Insects 
Insects are the most diverse group of animals on the planet and include approximately 
2,200 species of praying mantis, 5,000 dragonfly, 20,000 grasshopper, 82,000 true bug, 
120,000 fly, 110,000 bee, wasp, ant and sawfly, 170,000 butterfly and moth, and 360,000 
beetle species described to date. The number of extant species is estimated at between six and 
ten million, with over a million species already described (Novotny et al., 2002). 
Trehalose is considered as the insect blood sugar because it is the main sugar in the 
bloodstream of insects, such as well-known grasshoppers, locusts, butterflies, bees and so on. 
When the migratory locust Schistocerca gregaria begins migratory flight, it has a high 
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metabolic rate, burning primarily carbohydrates and some lipids. After the carbohydrates in 
the hemolymph are exhausted, further flight is fueled entirely by lipids. The active factor 
adipokinetic hormone (AKH) acts on the fat body via a second messenger system and causes 
release of stored lipids into the hemolymph. Part of this reaction involves the breakdown of 
stored triglycerides into diacylglycerides (Figure 10) which are the primary circulating lipids 
in insects (Arrese and Soulages, 2009). Interestingly, a decline in the hemolymph trehalose 
concentration also triggers AKH secretion. The control mechanism that regulates AKH 
secretion appears to be directed in favor of trehalose utilization whenever it is available, so 
that lipids are released into the hemolymph only as the trehalose concentration declines. This 
suggests that trehalose may play a dual role in the hemolymph, i.e. serving as the insect's fuel 
and as a regulator in lipid transport (Lum and Chino, 1990). 
 
Figure 10 A model for the action of adipokinetic hormone (AKH) in the stimulation of diacylglycerol 




     
Figure 11 Animals in which trehalose has been found. 
 
4.1.2 In plants and algae 
4.1.2.1 Selaginella 
Selaginella is a genus of plants in the family Selaginellaceae. There are about 700 
species of Selaginella, showing a wide range of characters. Many species of Selaginella are 
desert plants known as "resurrection plants", because they curl up in a tight, brown or reddish 
ball during dry times, and uncurl and turn green in the presence of moisture. 
Selaginella tamariscina is known as one of the resurrection plants, which like many 
other resurrection plants can remain alive in a dry state and then resume growing when water 
becomes available. Analysis by gas chromatography (GC) of the soluble sugars from the 
aerial parts of hydrated and desiccated S. tamariscina, shows that trehalose was the major 
soluble sugar in hydrated and desiccated S. tamariscina. It could be accumulated up to 13% of 
dry weight and did not exhibit a statistically significant different amount between hydrated 
and desiccated S. tamariscina (Rattray et al., 1975). This soluble sugar plays important roles 





4.1.2.2 Sea algae 
Algae (Latin "seaweeds," singular Alga) are a large and diverse group of simple, 
typically autotrophic organisms, ranging from unicellular to multicellular forms. The largest 
and most complex marine forms are called seaweeds (or sea algae). The ocean covers 72% of 
the earth’s surface, and sea algae are prominent in this water world. Seaweeds grow mostly in 
shallow marine waters, under 100 meters (330 ft); however some have been recorded to a 
depth of 360 meters (1,200 ft). 
Trehalose has been reported to be a main disaccharide in many sea algae, such as in 
various red algae (Ceramiales, Rhodymeniales, Gelidiales and Gigartinales). It represents a 
major compound in various families of the Ceramiales (e.g. Ceramiaceae, Delesseriaceae). 
While the Ceramialean taxa Aglaothamnion and Seirospora exclusively contained only this 
disaccharide, others such as Delesseria sanguinea exhibited trehalose together with 
digeneaside (α-D-mannopyranosyl-(12')-glycerate). Trehalose has been reported as one of 
the most abundant end products of photosynthetic carbon reduction in three species of 
freshwater Rhodophyta (Batrachospermum boryanum; Compsopogon coeruleus; 
Paralemanea annulata). The concentration of trehalose was detected up to 5% of dry weight 
in these red algae (Karsten, 2007). This property could also make these sea algae a potential 
and important resource for trehalose production. 
   
Figure 12 Plants and algeas in which trehalose has been found. 
 
4.1.3 In fungus 
Trehalose has been also found in the fungus family, particularly it is prevalent in some 
mushrooms such as shiitake (Lentinula edodes), maitake (Grifola fondosa), nameko (Pholiota 
50 
 
nameko), and Judas's ear (Auricularia auricula-judae) in which trehalose has been detected to 
reach 1% to 17% percent of dry weight, as well as in yeast cells. 
4.1.3.1 Mushrooms 
The shiitake (Lentinula edodes) is an edible mushroom native to East Asia, which is 
grown and consumed in many Asian countries, as well as being dried and exported to many 
countries around the world. The shiitake contains a certain percent of trehalose, which plays 
an important role in the recovery to its former shape after desiccation when they are put back 
into the water. Shiitake have been grown for over 1000 years. Before 1982 the Japanese 
variety of these mushrooms could only be grown in traditional locations using ancient 
methods. In the late 1970s, Gary F. Leatham published a doctoral thesis based on his research 
on the budding and growth of the Japan Islands variety; the work helped make commercial 
cultivation possible worldwide. So nowadays, shiitake has been broadly grown by human, 
which make it a potential material for trehalose production. 
Trehalose has also been found in the maitake. The Maitake (Grifola frondosa) is a 
polypore mushroom that grows in clusters at the base of trees, particularly oaks. The fungus is 
native to the northeastern part of Japan and North America. Since it is discovered that maitake 
mushroom extract has a function of cancer prevention, this mushroom became broadly 
planted for medical and food uses. In Japan, the maitake can even grow to more than 50 
pounds (20 kilograms), earning this giant mushroom the title "King of Mushrooms."  
The Nameko mashroom is also reported to contain trehalose. Nameko (Pholiota 
nameko) is a small, amber-brown mushroom with a slightly gelatinous coating. It produces 
cluster mushroom with small cap and large quantity. Nameko can be grown with bed-log or 
substitute.  The latter method could produce consistent and clean mushroom with a shorter 
production period and a lower cost. 
In addition, trehalose is also found in Judas’s ear (Auricularia auricula-judae). Judas's 
ear  is conspicuously ear shaped, ranging from purple to dark brown or black in color with a 
rubbery texture, and most often found on dead elder trees but also on elms. This mushroom is 





Figure 13 Fungi in which trehalose has been found. 
Overall, trehalose is broadly distributed in nature, especially present in the organisms 
which are commercially produced in a huge amount. Thus they could be considered to be  
potential sources for trehalose production. 
 
4.1.3.2 Yeast 
In the yeast S.cerevisiae, although trehalose is barely detectable in log phase growing 
cells in fermentable carbon source, trehalose accumulates to remarkable high levels, up to 
25% of the dry weight of the cell, in stationary phase cells and spores, as well as in 
exponential phase cells exposed to environmental stresses, such as high temperature 
(Wiemken, 1990). Cells growing on nonfermentable carbon sources have high levels of 
trehalose in both log and stationary phases (Nwaka and Holzer, 1998). Yeast cells produce 
and/or accumulate high concentration of trehalose, which correlates with the fact that this 
sugar bears important functions which will be discussed. 
 
4.2 Biological function of trehalose in yeast cell 
4.2.1 As an energy and carbon reserve 
For more than half a century after yeasts were found to produce trehalose, the 
disaccharide was primarily thought to serve as a storage carbohydrate (Kane and Roth, 1974; 
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Lillie and Pringle, 1980; Thevelein, 1984). This view was based on the observation that 
trehalose accumulates in physiological states in which energy storage is beneficial, such as 
stationary phase and sporulation. Correspondingly, trehalose is not produced when nutrients 
are abundant, as in exponential growth. The question remained, however, to know why yeast 
requires a second energy store in addition to glycogen (Lillie and Pringle, 1980; Wiemken, 
1990). Careful analysis of glycogen and trehalose accumulation in S. cerevisiae sparked a 
dramatic change in the perception of how trehalose functions in yeast. 
Energy reserves would be expected to accumulate when nutrients are abundant, in 
preparation for future starvation (Wiemken, 1990). Glycogen is indeed produced during the 
exponential-growth phase of yeast cells, when glucose is abundant. In contrast, trehalose is 
not produced until glucose levels are nearly exhausted and the cells begin to enter stationary 
phase. Trehalose synthesis continues into stationary phase, in the absence of extracellular 
glucose, when glycogen is metabolized (Lillie and Pringle, 1980). Similarly, during 
sporulation, glycogen is utilized during the final maturation of ascospores; meanwhile, 
trehalose is not metabolized but is instead localized to the mature spores (Kane and Roth, 
1974). During prolonged incubation in stationary phase, cells again utilize first glycogen 
(Lillie and Pringle, 1980). Trehalose is also metabolized, but in what may be a desperate 
measure to avoid starvation: degradation of trehalose occurs long after glycogen stores are 
depleted and coincides with the onset of cell death (Lillie and Pringle, 1980; Wiemken, 1990). 
However, results published recently by Jules et al. (2008) brought out a new insight 
into the reserve carbon source metabolism in yeast. They found that deletion of the trehalose 
synthesis coding gene TPS1 resulted in an delayed glycogen metabolism, which started after 
the intracellular trehalose was exhausted. 
The different patterns of trehalose and glycogen accumulation and utilization 
suggested that these molecules play distinct roles in cellular physiology (Lillie and Pringle, 




4.2.2 As a stress protectant  
In recent years, much attention has been drawn to a possible function of trehalose as a 
stress protectant, mainly based on the remarkable stress-protective properties in vitro and on 
the strong correlation between trehalose content and stress resistance in vivo (Wiemken, 1990). 
4.2.2.1 Protection from dehydration 
Although water is obviously necessary for life, some organisms are able to survive 
almost complete dehydration, for instance, even when 99% of their water content is removed. 
This includes common organisms such as plants, yeast cells, and fungal spores, but also 
microscopic animals such as nematodes, rotifers, and the cysts of brine shrimp (Leopold, 
1986). Some of these dried organisms may remain in this state, known as anhydrobiosis, for 
decades under favorable conditions until water becomes available. When water is supplied, 
these organisms swell and resume the active state. Recent studies on these organisms have 
demonstrated mechanisms that allow them to survive dehydration; understanding some of 
these mechanisms have enabled researchers to develop new methods for the preservation of 
biological materials that are normally sensitive to drying (Crowe et al., 1992). 
Log-phase cultures of yeast have low concentrations of trehalose and are quite 
susceptible to dehydration. But as they enter the stationary phase of growth, the levels of 
trehalose increase, along with their ability to survive dehydration (Gadd, 1987). This ability to 
survive in the presence of trehalose is independent of the growth phase of the cells because 
log-phase cells subjected to heat shock rapidly synthesize trehalose and also acquire the 
ability to survive dehydration (Hottinger, 1987). An intriguing result was reported by Kim et 
al. who showed that deletion of acid trehalase gene ATH1 also leads to accumulation of 
trehalose, together with an increase in the tolerance levels of dehydration (Kim et al., 1996). 
This use of trehalose to enable cells to survive dehydration (and other stresses) may be 
an ancient adaptation because even Archaebacteria have been found to accumulate trehalose 
in response to stress (Nicolaus, 1988). Interestingly, in plants the disaccharide sucrose plays a 
similar role to that of trehalose in yeast (Anandarajah et al., 1990). According to Leopold 
(Leopold, 1986), trehalose is preferred over sucrose by most organisms because it has less 
tendency to form crystals than does sucrose. 
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4.2.2.2 Protection against heat 
In yeast, stimuli that trigger the heat shock response also cause the accumulation of 
trehalose. In fact at least two subunits of the trehalose-6-P synthase complex of S. cerevisiae 
are actively synthesized during heat shock (Bell et al., 1992), and physiological 
concentrations of trehalose (up to 0.5 M) were found to protect enzymes of yeast from heat 
inactivation in vitro. Trehalose also reduced the heat-induced formation of protein aggregates. 
Trehalose was as good or better as a protein stabilizer than any of a number of compatable 
solutes, including polyols, sugars, and amino acids (De Virgilio et al., 1994). Yeast mutants 
defective in trehalose synthesis showed an inability to accumulate trehalose on mild heat 
shock and were much less resistant to heating than was the wild-type organism. These various 
studies implicate trehalose as playing a key role in thermotolerance, although the use of a 
mutant defective in TPS1 may raise doubt on the relationship with thermotolerance due to the 
pleiotropic effects of this mutation, independent to trehalose production (Gancedo and Flores, 
2004) (our unpublised data).  
An important in vivo and in vitro study showed that trehalose protects cells from heat 
by stabilizing proteins at high temperatures. Two different temperature sensitive reporter 
proteins, a temperature-sensitive bacterial luciferase fusion protein and a firefly luciferase, 
were used. The investigators showed that enzymes are better able to retain activity during heat 
shock in cells that are producing trehalose (Singer and Lindquist, 1998). Since these two 
proteins are completely unrelated in their amino acid sequences, structures, and reaction 
mechanisms, they assumed that trehalose stabilization of proteins in vivo during heat shock is 
a general phenomenon. These studies showed an additional and important role of trehalose, 
that is, the ability to suppress aggregation of proteins that have already been denatured. Based 
on these studies, these researchers also explained why trehalose must be rapidly degraded 
after the heat shock has ended, that is, after the degradation of trehalose, the unfolded 
luciferase can be refolded by molecular chaperones. On the other hand, if the trehalose 
concentration remains high, it interferes with the refolding process, and the protein is not 
renatured by the chaperone (Singer and Lindquist, 1998). Thus, it may be important to have 




Figure 14 Role of trehalose in thermotolerance  
(a) High temperatures cause proteins to denature. Unfolded proteins can then associate to form aggregates. (b) 
Saccharomyces cerevisiae synthesizes large quantities of trehalose during heat shock. The disaccharide stabilizes 
proteins in their native state under these conditions, and also suppresses aggregation of proteins that have 
denatured. (c) Yeast cells normally degrade trehalose rapidly after heat shock. During recovery, molecular 
chaperones promote the reactivation of denatured substrates that have been prevented from aggregating. (d) The 
persistence of high levels of trehalose interferes with the reactivation of denatured substrates, explaining both the 





4.2.2.3 Protection from damage by oxygen radicals 
Another role for trehalose is cell protection against oxygen radicals. Exposure of 
S.cerevisiae to a mild heat shock induced trehalose accumulation  and also markedly 
increased the viability of cells upon exposure to a free radical±generating system (H2O2/iron). 
However, when the cells were returned to the normal growth temperature, both the trehalose 
content and the resistance to oxygen stress decreased rapidly to the wild-type level. A mutant 
cell line defective in trehalose synthesis was much more sensitive to oxygen killing than was 
the wild type, but adding trehalose to the medium enhanced the resistance of these cells to 
H2O2. The effect of oxygen radicals on these cells was to damage amino acids in cellular 
proteins, resulting in protein aggregation, fragmentation, amino acid modification and 
proteolysis (Davies, 1987). Presence of high concentrations of trehalose in the cells prevented 
this damage. The trehalose-defective mutant showed a much higher content of damaged 
proteins even after only a brief exposure to oxygen stress. The suggestion is that trehalose acts 
as a free radical scavenger (da Costa Morato Nery et al., 2008; Pedreno et al., 2002).  
4.2.2.4 Protection from saline stress 
When the yeast S. cerevisiae is subjected to saline conditions, it undergoes rapid 
dehydration and growth arrest (Hohmann S, 2003). This activates a cellular response that 
consists of (1) Na+ exclusion toward the extracellular space through the Pmr2/Ena1 sodium 
transporter and the Nha1p Na+/H+ antiporter or compartmentalization in the vacuole mediated 
by the Nhx1 Na+/H+ antiporter, (2) intracellular accumulation of glycerol as a compatible 
solute and (3) accumulation of trehalose (Sharma, 1997) just like in response to other stresses. 
Recently, it was reported that increased trehalose accumulation in a mutant defective 
in trehalose hydrolysis led to higher specific growth rate as compared to the parental strain 
under saline stress condition, whereas increasing trehalose level after having been exposed to 
saline stress had no effect on growth recovery from saline stress. Thus it was proposed that 
high trehalose accumulation prior to stress exposure is necessary to protect the cells from 
stress (Mahmud et al., 2009). 
4.2.2.5 Protection from ethanol 
Ethanol resistance is a critical feature for yeast performance in alcoholic fermentation 
process such in brewing and wine production (Bekers, 1981; Mansure et al., 1994). 
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Specialized yeast strains have been genetically selected for centuries. Having the ability to 
precisely manipulate resistance to stress conditions may allow the generation of strains having 
combinations of useful features, including stress resistance and particular sensory. It is 
reported that yeast mutant in trehalose mobilization exhibited a substantial increase in 
survival under direct exposure to toxic levels of ethanol, and this increased ethanol tolerance 
correlated with the elevated cellular trehalose content (Kim et al., 1996). 
4.2.2.6 Protection from cold 
Trehalose in the Escherichia coli cell has been found to play a role in the cold 
protection (Kandror et al., 2002). Then study was undertaken to test whether the production of 
trehalose may play a similar protective role in eukaryotes, specifically in Saccharomyces 
cerevisiae. In contrast to E. coli, no trehalose induction in yeast during shift to temperatures 
above 10°C (i.e., during the cold shock response). However, below 10°C and surprisingly 
even at 0°C, this molecule was found to accumulate dramatically due to increased 
transcription and translation of trehalose biosynthetic enzymes. Moreover, this accumulation 
of trehalose markedly enhanced the cells’ viability at 0°C and upon freezing (Kandror et al., 
2004). It is possible that trehalose also prevents the denaturation and aggregation of specific 
proteins at cold temperatures. Trehalose may also stabilize cell membranes whose fluidity 
decreases during temperature decrease. Thus, exogenous trehalose has been shown to protect 
a variety of organisms against freezing, with maximum protection seen when trehalose is 






5 Metabolism of trehalose in Saccharomyces cerevisiae 
Cellular levels of trehalose are controlled by a balance between synthesizing and 
hydrolyzing enzymatic activities. In S.cerevisiae, synthesis of trehalose depends on the 
trehalose synthesis complex TPS (Gancedo and Flores, 2004), while hydrolysis of this 
disaccharide relies on trehalases (Parrou et al., 2005). 
 
5.1 Synthesis of trehalose 
Enzymes catalysing the synthesis of trehalose are localized in the yeast cytosol 
(Wiemken, 1990), where the synthesis of this disaccharide takes place in two steps (Figure 
15): first the glucose moiety from uridine-diphosphate-glucose is joined to glucose-6-
phosphate, forming trehalose-6-phosphate; the phosphate group is then removed to yield 
trehalose and free inorganic phosphate (Cabib and Leloir, 1958). The enzymatic complex that 
carries out this process consists of at least three distinct, copurifying components Tps1, Tps2 
and Tsl1 (Bell et al., 1992; De Virgilio et al., 1993; Londesborough and Vuorio, 1991). A 
fourth protein, Tps3 (identified by sequence homology with Tsl1), has also been found to 
associate with Tps1 and Tps2 (Reinders et al., 1997). Tps1 catalyses the first step in trehalose 
synthesis; cells lacking this gene produce neither trehalose nor trehalose-6-phosphate (Bell et 
al., 1992; Vuorio et al., 1993). Phosphatase activity resides in Tps2; tps2 mutants accumulate 
large quantities of trehalose-6-phosphate under conditions in which trehalose would normally 
be found (De Virgilio et al., 1993). The functions of Tsl1 and Tps3 are less clear, but these 
proteins seem to contribute to regulation: either of these two genes can be deleted without 
affecting the heat-induced accumulation of trehalose by log-phase cells, but accumulation is 
severely impaired if both Tsl1 and Tps3 are absent (Ferreira et al., 1996; Reinders et al., 
1997).  
How these subunits combine to form the functional enzyme remains unknown. 
Estimation based on gel filtration place the size of the complex at about 630–800 kDa (Bell et 
al., 1992; Londesborough and Vuorio, 1991; Vandercammen et al., 1989), meaning that one 
or more constituent is present in more than one copy. Two-hybrid analysis indicates that Tps1 
and Tps2, the catalytic components of the enzyme, interact both with themselves and with 
each another (Reinders et al., 1997); the putative regulators Tsl1 and Tps3 do not interact with 
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each other, but each binds Tps1 and Tps2; Tps3 also self-associates. Association of Tps3 and 
Tsl1 with the trehalose synthase complex may be coordinated with certain growth conditions: 
expression of TPS3 is constant in log and stationary phase, whereas that of TSL1 increases as 
cells enter stationary phase (Winderickx et al., 1996).  
 
Figure 15 Biosynthesis of trehalose.  
Saccharomyces cerevisiae produces trehalose in the cytosol through the sequential action of the Tps1 and Tps2 
proteins; steps at which trehalose synthesis is blocked in the absence of these proteins are indicated. Tps1 and 
Tps2 associate physically to form the trehalose-synthase complex, together with either Tsl1 or Tps1. The latter 
components appear to regulate the activity of the complex. 
61 
 
The factors regulating trehalose levels under different conditions are still not 
completely characterized. The increased production of trehalose during heat shock appears to 
be the results of several causes. The activity of the enzyme complex increases with heat 
(Hottiger et al., 1987b; Neves and Francois, 1992), and this increase is likely not the result of 
phosphorylation of Tps1 (Panek et al., 1987); but simply a direct effect of the temperature on 
the kinetic properties (Neves and Francois, 1992; Vandercammen et al., 1989), as well as 
through an increase in the intracellular levels of the substrates UDP-glucose and glucose-6-
phosphate (Neves and Francois, 1992; Winkler et al., 1991). A second event is the increased 
expression of TPS1 and TPS2 induced by heat due to the presence of Stress-Responsive 
Element (STRE) sequence (CCCCT) in their promoters (Bell et al., 1992; De Virgilio et al., 
1993; Parrou et al., 1997). It has been also reported that Trehalose synthase activity is low in 
exponential growth on glucose and increases as the cells reach the diauxic shift (Francois et 
al., 1991), suggesting a control of the genes encoding this complex by catabolite repression. 
Indeed, expression of TPS1 and TPS2 is low in snf1 mutant defective in the glucose 
derepression mechanism (Francois et al., 1991). 
 
5.2 Hydrolysis of trehalose 
In fungi, only two different enzymatic systems that hydrolyse trehalose have been 
identified: the first one is the reversible phosphorolysis of trehalose into glucose and α-
glucose-1-phosphate by a trehalose phosphorylase; and the second is the irreversible 
hydrolysis of the disaccharide into glucose by trehalases.  
Trehalose phosphorylase has been isolated in a limited number of fungi, including 
Pichia fermentans (Schick, 1995), the basidiomycetes Grifola frondosa, Schizophillum 
commune and Flammulina velutipes and the mushroom Agaricus bisporus (Wannet et al., 
1998). This enzyme is specific for trehalose, and the equilibrium constant 
[trehalose][Pi]/[glucose][glucose-1P] is around 7 at pH 6.5, indicating that the reaction is 
thermodynamically directed towards trehalose synthesis. However, the high levels of 
intracellular Pi and trehalose existing in these cells likely favour phosphorolysis of trehalose 
in vivo (Eis et al., 1998; Eis and Nidetzky, 1999; Kitamoto, 1988). To date, only the gene 
encoding the trehalose phosphorylase from Grifola frondosa has been cloned and sequenced 
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(Saito et al., 1998). It does not show any homology with trehalase, and it encodes a 84-kDa 
polypeptide that is apparently subject to post-translational or proteolytic modifications since 
molecular masses from 61 to 78 kDa were found for the active enzyme (Eis et al., 1998; Eis 
and Nidetzky, 1999). 
The hydrolytic system that is most widely distributed in fungi is the hydrolysis of 
trehalose into glucose by trehalase. Most fungi possess two types of trehalase, referring to 
‘neutral’ and ‘acid’ trehalases in accordance with their optimal pH for activity. The gene 
encoding ‘neutral’ trehalase has been cloned and sequenced in Aspergillus nidulans and 
Neurospora crassa (d'Enfert et al., 1999), Saccharomyces cerevisiae (Kopp et al., 1993), 
Schizosaccharomyces pombe (Soto et al., 1998), Kluyveromyces lactis (Amaral et al., 1997), 
Candida albicans (Eck et al., 1997), and the plant pathogen Magnaporthe grisea (Foster et al., 
2003). With respect to ‘acid’ trehalase, the gene encoding this enzyme has now been isolated 
from several yeast species, namely Saccharomyces cerevisiae (Destruelle et al., 1995), 
Candida albicans (Pedreno et al., 2004; Pedreno et al., 2007),  and in the filamentous fungus 
Aspergillus nidulans (d'Enfert and Fontaine, 1997). 
In Saccharomyces cerevisiae, there are two genes encoding neutral trehalases termed 
Nth1 and Nth2 as whereas Ath1 is refered to as the acid trehalase, respectively (Destruelle et 
al., 1995; Jules et al., 2008; Kopp et al., 1993; Londesborough and Varimo, 1984; Wolfe and 
Lohan, 1994).  
 
5.2.1 Neutral trehalase system 
5.2.1.1 Nth1  
Nth1 was first thought to be a cytosolic ‘trehalase-zymogen’ (Wiemken and 
Schellenberg, 1982) for acid trehalase, which was detected by Keller (Keller et al., 1982). In 
1984, Nth1 was identified as an independent enzyme by distinguishing the properties within 
these two enzymes (Londesborough and Varimo, 1984). Nth1 was found to be inhibited by 
EDTA (1mM), ZnCl2 (0.1mM) and MgCl2 (50% inhibition at 1mM and complete inhibition at 
50mM). MnCl2 and Cacl2 (1mM) caused 2- and 4- fold activations respectively, whereas high 
concentration (e.g. 50mM) of these two metal salts were strongly inhibitory.  
63 
 
Earlier, this enzyme has been reported to be activated by cyclic AMP-dependent 
phosphorylation (van Solingen and van der Plaat, 1975). Addition of glucose to yeast 
ascospores, glucose grown vegetative cells from the stationary growth-phase resulted in a 
rapid transient increase of the cellular cyclic-AMP content, and this increase is accompanied 
by rapid and sustained increase in the activity of neutral trehalase (Thevelein et al., 1982; 
Thevelein and Jones, 1983), suggesting that this activation was due to the phosphorylation of 
this enzyme by the cAMP protein kinase, which was later demonstrated (see below). 
In 1989, Nth1 was purified from S. cerevisiae (App and Holzer, 1989). The purified 
electrophoretically homogeneous preparation of phosphorylated neutral trehalase exhibited a 
molecular mass of 160,000 Da on non-denaturing polyacrylamid gel electrophoresis and of 
80,000 Da on sodium dodecyl sulfate-polyacrylamide gel electrophoresis, indicating that this 
enzyme exists as a dimer in the cells. Maximal activity was observed at pH 6.8-7.0 with an 
apparent Km for trehalose of 34.5 mM. The corresponding gene has been cloned and 
sequenced by complementation of a neutral trehalase deficient yeast mutant obtained by 
ethylmethanesulfonate mutagenesis with a S. cerevisiae genomic library (Kopp et al., 1993). 
This neutral trehalase gene NTH1 has an open reading frame of 2079 base paires (bp), 
encoding a protein of 693 amino acids (corresponding to a molecular mass of 79,569 Da) with 
two putative cAMP-dependent phosphorylation sites (Arg17ArgLysSer20 and 
Arg80ArgGlySer83) and three potential N-glycosylation sites (Asn-X-Ser/Thr). The activity of 
Nth1 is regulated by the RAS/adenylate cyclase signal transduction pathway, which converts 
the inactive enzyme to its phosphorylated active form probably by phosphorylation of the 
Serine 20 and 83 (App and Holzer, 1989; Kopp et al., 1993; Kopp et al., 1994). However, no 
evidence for glycosylation could be detected by Western blotting.  
The activity of Nth1 is high when cells are growing exponentially on fermentable 
sugars and decreases rapidly as cells enter respiratory and stationary phases (Francois et al., 
1987; Lewis et al., 1993; San Miguel and Arguelles, 1994). Nth1 is mainly responsible for 
intracellular trehalose mobilization and/or for recycling of trehalose which is accumulated 
during heat stress in yeast cell (Nwaka et al., 1995a; Nwaka et al., 1995b; Parrou et al., 1997). 
In addition, Nth1 expression was found to be increased in exposure to other stressors, such as 
H2O2, CuSO4, NaAsO2 and cycloheximide (CHX) without the increase of intracellular 
trehalose. This indicated that participation of Nth1 in multiple stress response may depend (as 
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the case for heat stress) on not (as the case for H2O2, CuSO4, NaAsO2 and CHX) on 
intracellular trehalose accumulation. However, the mechanism for the latter is not clear so far. 
5.2.1.2 Nth2 
Another trehalase coding gene NTH2 (YBR0106) has been discovered after the 
sequencing of yeast Chromosome II. So far, little is known about the function and the 
regulation of this gene product.  
NTH2 and NTH1 are 77% identical in predicted amino acid sequence (Wolfe and 
Lohan, 1994). Nth2 protein contains Arg17ArgLysSer20 and Arg80ArgGlySer83 consensus 
sequences also found in NTH1 as potential sites for phosphorylation (Kopp et al., 1994). 
Therefore, this gene product could also be regulated by phosphorylation as Nth1. Moreover, 
similarly to NTH1, it has been found to play a role in thermotolerance in yeast cell (Nwaka et 
al., 1995a; Nwaka et al., 1995b). Northern blot analysis of NTH2 in the nth1∆ mutant strain 
showed that NTH2 is expressed at low level in exponentially growing cells on glucose and at 
high level in stationary cells after glucose exhaustion (Nwaka et al., 1995a; Nwaka et al., 
1995b).  
This paralog of NTH1 was first thought to have no function in trehalose mobilization 
because deletion of this gene had no apparent consequence on the trehalase activity and on 
trehalose concentration (Nwaka et al., 1995a). However, more recent works by, Jules et al. 
(2004) showed that the deletion of NTH1 either in wild type, in a tps1∆ or in a ath1∆ mutant 
resulted in 75% decrease in neutral trehalase activity measured at pH 7, whereas deletion of 
both genes (NTH1 and NTH2) resulted in a strain totally devoided of trehalase activity. On the 
other hand, over-expression of NTH2 in a nth1∆ mutant resulted in an approximately 10-fold 
increase of trehalose-hydrolyzing activity. However, and quite surprisingly, the 
overexpression of NTH2 could not rescue the growth defect of an ath1∆ nth1∆ mutant on 
trehalose (Jules et al., 2004; Jules et al., 2008). 
 
5.2.1.3 Membrane trehalose transporter Agt1 
Cytosolic neutral trehalase Nth1 plays a role in assimilation of exogenous trehalose 
imported by the membrane high-affinity maltose inducible H+-trehalose symporter Agt1 (Han 
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et al., 1995; Plourde-Owobi et al., 1999) or a low-affinity transporter system (Stambuk et al., 
1996; Stambuk et al., 1998; Stambuk and de Araujo, 2001) for cell growth (Jules et al., 2004).  
The transporter Agt1 is encoded by AGT1, a maltose-controlled gene, which is found 
in many S.cerevisiae laboratory strains. It is a transporter with broad specificity for α-
glucosides, including trehalose. Agtl is a highly hydrophobic, postulated integral membrane 
protein. It is 57% identical to Mal61, the maltose permease encoded by MAL61 at MAL6 locus, 
whose expression is maltose-inducible (Han et al., 1995; Plourde-Owobi et al., 1999). 
Saccharomyces yeasts have five unlinked MAL loci: MAL1, 2, 3, 4, or 6. Each locus consists 
of three genes encoding maltose permease, maltase and the MAL activator. At MAL6 the 
genes are called MAL61, MAL62 and MAL63, respectively (Levine et al., 1992). Transcription 
of MAL61 and MAL62 is coordinately induced by maltose and repressed by glucose and this 
regulation is mediated by the MAL activator. A 68-basepair region, from base pairs -515 to -
582 upstream of the MAL61 start codon, contains a sequence named UASMAL which is 
necessary for the maltose-induced expression of MAL61 and MAL62. AGT1 expression is also 
maltose inducible and induction is mediated by the Mal-activator. The sequence of the 
upstream region of AGT1 is identical to that of the maltose-inducible MAL61 gene over a 469 
bp region containing the UASMAL.  
The yeast S.cerevisiae strains commonly used in the lab research have different 
background on this locus. KT1112 family strains have a wild type MAL locus, so expression 
of Agt1 in this family strains is maltose-dependent. CEN.PK113-7D strains possess a MAL2-
8c dominant mutation, thus expression of Agt1 in this family is constitutive, independent on 
maltose. BY (EUROSCARF) collection strains bear a mal- genotype, hence expression of 
Agt1 is totally impaired. Therefore assimilation of exogenous trehalose in this collection 
strains can not depend on Nth1, another pathway relying on Ath1 will be used. 
 
5.2.2 Acid trehalase Ath1 system 
5.2.2.1 Enzymatic property of Ath1 
The acid trehalase Ath1has been originally analyzed at the biochemical level (Keller 
et al., 1982; Kotyk and Michaljanicova, 1979; Londesborough and Varimo, 1984). Unlike 
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Nth1, Ath1, as measured at its optimal acidic pH, was insensitive to 1 mM EDTA, MgCl2, 
MnCl2 or CaCl2, or to 0.1mM ZnCl2. However, it was strongly inhibited by acetic acid/acetate 
buffer (Londesborough and Varimo, 1984). Ath1 was purified from a yeast suc2∆ mutant. It 
showed an optimal enzyme activity at pH 4.5 and was found to be glycosylated (Mittenbuhler 
and Holzer, 1988). The purified enzyme exhibited an apparent Km for trehalose of 4.7 mM at 
pH 4.5. Ath1 is not inhibited by 10mM each of HgCl2, EDTA, iodoacetic acid, 
phenanthrolinium chloride or phenylmethylsulfonyl fluoride. No activation by divalent metal 
ions was found (Mittenbuhler and Holzer, 1988).  
5.2.2.2 Cloning and molecular properties of Ath1 
The gene coding for Ath1 has been isolated and sequenced by transformation of yeast 
cells with a multiple copy plasmid library and the transformants were screened for acid 
trehalase activity by a color-based halo-assay. Transformants were grown on a agar plate 
containing trehalose as substrate and detecting reagent for glucose (glucose oxidase, horse 
radish peroxidase and o-dianisidine, principle of this reaction see experimental procedures) 
which produced a particular color around the colonies if glucose is generated. (Destruelle et 
al., 1995). The genomic sequence of the rescue plasmid giving a high trehalase activity was 
retrieved, deleted in vitro and inserted into the yeast genome by homologous recombination. 
This resulted in the loss of acid trehalase activity, indicating that this genomic sequence 
encoded acid trehalase or that this DNA fragment encoded a essential regulatory component 
involved in the control of acid trehalase (Destruelle et al., 1995). This corresponding 
relationship was further verified by sequencing the amino acid sequence of the purified 
protein, which bears acid trehalase activity and this amino acid sequence was in accordance 
with the deduced amino acid sequence from discovered genomic sequence obtained by this 
screening method. 
The ATH1 gene has an open reading frame of 3633 base paires (bp), encoding a 
protein of 1211 amino acids; corresponding to a molecular mass of 130.000 Da. Domain 
prediction of the amino acids sequence using the SMART program (http:// smart.embl-heidel-
berg.de/) revealed a short 23aa length transmembrane (TM) domain near the N-terminus, 
followed by three “glycosyl hydrolase” (GH) domains (aa 132 - 415, 474 - 845 and 849 - 904) 
that altogether may constitute the catalytic domain of Ath1 (Parrou et al., 2005). Besides, it 
has many potential glycosylation sites, which make the protein to migrate in the SDS-PAGE 
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at a position much higher than its calculated molecular weight (Mittenbuhler and Holzer, 
1988). 
5.2.2.3 Expression and Regulation of Ath1 
Up to now, we have only partial fragmentory data concerning the regulation of Ath1 
in yeast cells. Ath1 and Nth1 show opposite patterns of activity during the yeast life cycle 
(San Miguel and Arguelles, 1994). In contrast to Nth1 whose activity is high when cells are 
growing exponentially on fermentable sugars and decays as cells enter respiratory and 
stationary phase, Ath1 activity is detected only when cells enter stationary phases on 
fermentable sugars or when they are grown on a respiratory substrate such as ethanol, glycerol 
or on trehalose. Therefore, high Ath1 activity corresponds to stages of the yeast life cycle 
when its substrate, trehalose, accumulates to appreciable levels, while Nth1 is active only 
during the exponential growth phase, when trehalose levels are low. The functional 
coordination of these two trehalases during the various stages of the yeast life cycle is 
unknown (San Miguel and Arguelles, 1994). 
While Nth1 is mainly in charge of the mobilization of intracellular trehalose involved 
in its hydrolysis upon recovery from heat stress response, Ath1 appears not to be necessary 
for heat shock survival, and the activity of Ath1 from cells growing on glucose does not 
increase significantly during heat stress (Nwaka et al., 1995b). Instead, Ath1 is considered to 
be primarily responsible for the assimilation of exogenous trehalose for cell growth. A mutant 
defective in ATH1 was shown to be unable to grow on exogenous trehalose as the sole carbon 
source, providing in vivo evidence for participation of the acid trehalase in utilization of 
extracellular trehalose (Jules et al., 2004; Nwaka et al., 1996). 
 
5.2.3 Localization of acid trehalase in various organisms 
Given the ubiquitous distribution of trehalose in all types of biotopes, it is not 
surprising that efficient systems for uptake of this sugar evolved in many organisms. Similarly 
as in S.cerevisiae, two trehalases coexist in many organisms, such as in several fungal species 
Schizosaccharomyces pombe (De Virgilio et al., 1991), Candida utilis (Arguelles, 1985), 
Torulaspora delbrueckii (Yokoigawa et al., 1995), Kluyveromyces lactis (Amaral et al., 1997), 
Fusarium oxysporum (Amaral et al., 1995), Aspergillus nidulans, Neurospora crassa (Bonini 
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et al., 1995; d'Enfert et al., 1999) and Mucor rouxii (Lucio et al., 2000); as well as in 
bacterium Escherichia coli (Uhland et al., 2000) and in insect Omphisa fuscidentalis (Tatun et 
al., 2008). Among these organisms, the neural trehalases primarily function in the cytosol of 
cells, while the acid trehalases in most of these organsims have been found to be extracellular 
(i.e. bound to cell wall or in the periplamic space). A peculiar situation is found for the yeast S. 
cerevisiae, this enzyme is reported to be present in the vacuole (see below). 
5.2.3.1 Localization of acid trehalase in yeasts 
Despite the fact that a sequence homologue to S.cerevisiae ATH1 gene has not been 
found in the genome of the fission yeast Schizosaccharomyces pombe, an acid trehalase 
activity has been reported to be present at the spore stage in the cell life cycle of this fission 
yeast. It was also shown that the enzyme responsible for this activity is linked to the spore cell 
wall by discovering this activity in cell wall preparation (De Virgilio et al., 1991).  
After screening a Candida albicans genome data base, the product of an open reading 
frame (IPF 19760/CA2574) 41% identical to S.cerevisiae Ath1 protein sequence was 
identified and named Atc1. The deduced amino acid sequence shows that Atc1 contains an N-
terminal hydrophobic signal peptide and 20 potential sites for N-glycosylation. This protein 
was found to be localized also in the cell wall by detecting its activity in a cell wall 
preparation (Pedreno et al., 2004).  
Proteomic analysis (multi-dimensional electrophoresis separations and ESI-MS/MS 
analysis) on natrually secreted proteins of Kluyveromyces lactis strain, identified a peptide 
fragment encoded by a gene (KLLA0E06622g) which turned out to correspond to the 
homolog of S.cerevisiae ATH1. Furthermore, in silico analysis showed that the deduced 
protein sequence bears a general secretion signal peptide at its N terminus (Swaim et al., 
2008). 
5.2.3.2 Localization of acid trehalase in other fungi 
An association of the acid trehalase with the innermost wall (endosporium) of 
ascospores of fungus Neurospora crassa has been found. This enzyme could be lyophilized in 
the presence of various wall components and immunofluorescent labeling of trehalase in 
germinating ascospores shows that labeled shell of dormant ascospore presented fluorescence 
on the innermost ascospore wall (Hecker and Sussman, 1973).  
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Aspergillus nidulans (Emericella nidulans) conidiospores contain high levels of the 
non-reducing disaccharide trehalose. A trehalase with an acidic pH optimum has been purified 
from conidiospores. Characterization of the TREA gene encoding this trehalase showed that it 
is homologous to S.cerevisiae Ath1. Aspergillus nidulans mutants that lack acid trehalase 
activity were constructed by gene replacement at the treA locus. Analysis of these mutants 
suggested that the TREA gene product is localized in the conidiospore wall, and is required for 
growth on trehalose as a carbon source (d'Enfert and Fontaine, 1997).  
Both intracellular and extracellular activity of acid trehalase have been found in the 
dimorphic fungus Mucor rouxii, which produces yeast-like cells under a CO2 atmosphere, or 
hyphae in the presence of air. Under CO2, cultures supplemented with glucose produced 
yeast-like cells devoided of acid trehalase activity. On the other hand, trehalose-supplemented 
cultures developed hyphae exhibiting cell wall-bound and intracellular acid trehalase activity. 
Glucose-grown yeast-like cells supplemented with trehalose after glucose exhaustion, induced 
intracellular activity of acid trehalase, but no activity was detected at the cell surface. Even 
when showing a significant intracellular activity of acid trehalase, these cells did not grow 
further. When exposed to air these yeast-like cells produced germ tubes exhibiting cell wall-
bound acid trehalase activity. These results suggested that the utilization of extracellular 
trehalose as a source of carbon for Mucor rouxii cell growth requires the localization of acid 
trehalase activity at the cell surface (Lucio et al., 2000) 
Trehalose is the main sugar in the haemolymph of insects and is a key nutrient source 
for an insect pathogenic fungus. An acid trehalase of insect pathogenic fungus Metarhizium 
anisopliae was identified to be an extracellular enzyme. Secretion of trehalose-hydrolysing 
enzymes may be a prerequisite for successful exploitation of trehalose resource by the 
pathogen. It is proposed that acid trehalase of these pathogenic fungus serves as an “energy 
scavenger” and depletes blood trehalose during fungal pathogenesis (Zhao et al., 2006). 
5.2.3.3 Periplasmic trehalase in bacteria 
The acid trehalase treA, which has a long signal sequence of 30 amino acids, has been 
identified as a periplasmic enzyme in Escherichia coli. Its expression is independent of the 
presence of trehalose in the growth medium. The amount of trehalase in the periplasm of cells 
grown at low osmolarity represented a minimal trehalose-hydrolyzing capacity which is 
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hardly enough for its utilization as a carbon source, while this activity was significantly 
induced under high osmolarity growth conditions (Boos et al., 1987). 
In the course of the studies on the trehalose transport in the thermophilic bacterium 
Rhodothermus marinus, the presence of a highly active periplasmic trehalase has been 
discovered (Jorge et al., 2007). The contribution of the trehalose transporter is important only 
in trehalose-poor environments, while trehalose is assimilated primarily via periplasmic 
trehalase and generated glucose is imported into the cell through the glucose transport system 
at higher concentration of trehalose (Jorge et al., 2008). 
5.2.3.4 Membrane-bound trehalase in insects and plants  
Insects have two types trehalases, refering to soluble trehalase (Tre-1) and membrane-
bound trehalase (Tre-2) (Mitsumasu et al., 2005). In Bombyx mori, the Tre-2 gene is 
expressed in the midgut; immunoblotting and immunohistochemical analyses showed that 
Tre-1 is present mainly in goblet cell cavities and Tre-2 penetrates the cell membrane and is 
predominantly evident on visceral muscle surrounding the midgut. Membrane-bound 
trehalase also has been reported in other insects, such as Spodoptera exigua (Tang et al., 2008) 
and the bamboo borer Omphisa fuscidentalis (Tatun et al., 2008). It was suggested that this 
protein may have different functions in the midgut and fat body. To date, little is known about 
the structure, tissue distribution and expression pattern of Tre-2. 
The trehalase in plant Arabidopsis thaliana (AtTRE1) has been reported to be a 
plasma membrane-bound enzyme by fluorescent microscopy of AtTRE1-GFP fusion protein 
and immunoblotting of cell fractionation preparation. The full length AtTRE1, when 
expressed in yeast S.cerevisiae is also plasma membrane-bound and could functionally sustain 
the growth of an ath1∆ mutant strain on trehalose at pH4.8 (Frison et al., 2007).   
 
5.2.4 Phylogenetic tree of trehalases 
Jorge et al. (2007) established an unrooted phylogenetic tree constructed on the basis 
of the alignment of the amino acid sequences of known or putative trehalases. In this 
phylogenetic tree, five different clusters were predicted : two clusters of bacterial trehalases, 
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one cluster of trehalases from higher eukaryotes and two clusters of fungal trehalases. (Figure 
16) (Jorge et al., 2007).  
The bacterial branches are highlighted with a gray background; periplasmic 
trehalases are designated by boxes around the names of the organisms; cytoplasmic 
trehalases are highlighted with underlining. The involved species of bacteria are as following 
with the corresponding GenPept accession number of the gene coding trehalase. R. marinus 
(GenPept accession number DQ328334); E. coli O6 (Q8CW46); E. coli O157:H7 (Q8XDH7); 
E. coli (P13482); S. flexneri (Q83RP6); S. typhimurium (Q8ZP20); S. typhi (P59765); R. 
solanacearum (Q8XT38); P. aeruginosa (Q9I165); X. campestris (pv. campestris) (Q8P519); 
X. axonopodis (pv. citri) (Q8PPT1). E. coli O6 (Q8FCI4); E. coli O157:H7 (P62602); E. coli 
(P62601); S. flexneri (Q83PS8); S. typhimurium (Q8ZLC8); S. typhi (Q8Z277); G. 
kaustophilus (Q5KZC3). Putative bacterial trehalases: B. mallei (Q62BW3); L. pneumophila 
(CR628336); S. usitatus (ZP00523643); Nostoc sp. PCC 7120 (Q8Z0D2).  
Higher eukaryote trehalases are surrounded by a blue circle. The species concerned 
are as following: D. melanogaster (Q9W2M2); T. molitor (P32359); B. mori (P32358); O. 
cuniculus (P19813); H. sapiens (O43280); R. norvegicus (O70282); M. musculus (Q9JLT2); 
C. elegans (Q27463). 
The fungal branches are surrounded by pink circles. The involved species of fungi in 
the upper cluster are as following: K. lactis (P49381; NTH1); A. gossypii (Q757L1; NTH2); S. 
cerevisiae (1) (P32356; NTH1); S. cerevisiae (2) (P35172; NTH2); M. anisopliae var. 
anisopliae (1) (Q9HDE9; NTL1); M. anisopliae var. acridium (2) (Q6Q5X7; NTL); N. crassa 
(O42783; TREB); M. grisea (2) (Q875L8; NTH1); E. nidulans (2) (O42777; TREB); S. pombe 
(O42893; NTP1); C. albicans (P52494; NTC1). These gene products encode the fungal 
cytosolic neutral trehalases. Besides, a putative fungal trehalase: M. grisea (1) (Q8J0H8; 
TRE1) has a close sequence identity to the higer eukaryote trehalases. 
S.cerevisiae acid trehalase (P48016; ATH1) is included in the fungal cluster 
comprising the fungal extracellular acid trehalase from E. nidulans (1) (P78617; TREA) with 
which it shares a high sequence identity. This group shows weak proximity with the fungal 






Figure 16 Unrooted phylogenetic tree based on available amino acid sequences of known or hypothetical 






6 Review of the secretion system in yeast 
A large number of different proteins are delivered to their final destination by the 
secretory system. This number can be estimated from current knowledge of the approximately 
6000 S. cerevisiae proteins. Functional or localization studies have shown that 277 of these 
proteins are luminal or membrane proteins which are either at the cell surface or in one of the 
organelles along the secretory pathway (Garrels et al., 1994; Garrels, 1996). A better estimate 
can be obtained by considering the amino acid sequence of yeast proteins. By sequence alone, 
more than 1800 genes appear to encode proteins with one or more predicted transmembrane 
domains. Even allowing for the many integral membrane proteins in mitochondria and 
peroxisomes, it seems that from 10% to 20% of all yeast proteins are either residents or 
passengers of the secretory pathway (information from The Molecular and Cellular Biology 
of the Yeast Saccharomyces, Volume 3, Cell Cycle and Cell Biology). 
 
6.1 Classical secretion pathway 
Most soluble and membrane proteins follow the same pathway classified as the 
classical secretion pathway to the cell surface. The existence of this major pathway for protein 
secretion was demonstrated through the analysis of secretory pathway mutants (sec mutants). 
These mutants were first isolated as temperature-sensitive mutants that fail to express 
invertase and acid phosphatase, which resulted in an accumulation of an abnormally large 
intracellular pool of these two enzymes at 37°C (Novick et al., 1980). However, many of 
these mutants are thermoreversible; upon return to the permissive temperature (25°C) these 
accumulated enzymes are secreted. Lately, these temperature sensitive mutants were also 
found to be defective in transport of the 11 major cell surface proteins at the nonpermissive 
temperature (37°C). Export of accumulated proteins is restored in an energy-dependent 
manner when sec cells are returned to a permissive temperature (24°C). In wild-type cells the 
transit time for different surface proteins varies from less than 8 min to about 30 min. (Novick 
and Schekman, 1983). 
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6.1.1 General secretion steps 
The principal steps in this pathway are outlined below and are diagrammed in Figure 
17. 
 
Figure 17 An overview of the different stages of the secretory pathway with the genes that are involved in 
each stage. (Source from The Molecular and Cellular Biology of the Yeast Saccharomyces, Volume 3, Cell 
Cycle and Cell Biology) 
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1. Secretion proteins are translocated from the cytosol into the lumen of the rough 
endoplasmic reticulum (RER). For some proteins, translocation occurs 
cotranslationally and for other proteins, translocation can occur posttranslationally, 
i.e., after completion of protein synthesis. 
2. Secretory proteins achieve a functional conformation within the lumen of the ER. 
This can involve covalent modifications of the protein such as cleavage of signal 
peptide, addition of N-linked and O-linked carbohydrate chains, disulfide bond 
formation, and addition of glycosylphosphatidylinositol (GPI) anchors. Protein 
folding and, in some cases, assembly of multimeric protein complexes also take 
place in the ER lumen. 
3. Secretory proteins are then packaged into vesicles that bud from the ER. 
4. These vesicles then deliver their contents to the Golgi by fusion with the Golgi 
membrane. 
5. The Golgi apparatus is composed of five biochemically distinguishable 
compartments. Secretory proteins are carried through successive compartments of 
the Golgi probably by more rounds of vesicle formation and fusion. 
6. Post-Golgi secretory vesicles 80-100nm in diameter bud from the Golgi and then 
fuse with the plasma membrane. 
The pathway also includes four branch points that enable protein sorting to different 
organelles to be achieved. 
7. Resident ER proteins that have reached the early Golgi compartment are returned 
to the ER by retrograde vesicles that bud from the Golgi and fuse with the 
membrane of ER. 
8. In a late Golgi compartment, soluble and membrane vacuolar proteins are 




9. Some integral membrane proteins that have reached the plasma membrane can be 
taken up by endocytosis. In the base-studied examples, the function of endocytosis 
appears to be the negative regulation of surface receptors and permeases. 
10. Proteins in the pre-vacuole compartment either from Golgi apparatus or 
endocytosis process are delivered to the vacuole. 
 
6.1.2 Role of signal peptide 
The first insights into the mechanism of protein secretion comes from the first step of 
translocation into the ER by identification of hydrophobic signal sequences at the amino 
terminus of secreted protein precusors (Milstein et al., 1972). Signal sequences of about 20 
amino acid residues that direct secretory proteins to be translocated are present on precursors 
of most secreted proteins in both eukaryotes and prokaryotes. For example, the structural gene 
for invertase (SUC2) has two transcripts; the shorter transcript encodes a hydrophilic protein 
that resides in the cytosol and the longer transcript encodes the same protein but with a 
hydrophobic amino-terminal signal sequence of 20 amino acids. The product of the longer 
transcript is secreted to the cell surface (Carlson and Botstein, 1982). Nowadays, signal 
sequences are thought to be recognized either by the cytosolic signal recognition particle 
(SRP) complex or by the Sec63 complex in the ER membrane. Apparently, proteins with 
relatively hydrophobic signal sequences preferentially engage SRP, whereas sequences of 
lower hydrophobicity preferentially engage the Sec63 complex (Ng et al., 1996). 
Most proteins are initially started to be synthesized by free ribosomes in the cytosol. 
These ribosomes only bind to the ER once cytosolic signal recognition particle recognizes 
these pre-piece ~20 hydrophobic amino acids (Lodish, 2003). This allows the complex to loop 
the sequence through the hydrophobic RER membrane. This pre-piece signal peptide is then 
cleaved off by the signal peptidase within the lumen of the RER. This signal peptidase 
complex is composed of four polypeptides in yeast cell (encoded by SPC1, SPC2, SPC3 and 
SEC11). SPC3 is required for signal peptidase activity and is essential for viability. 
Proteins also undergo folding in the rough ER. Correct folding of newly-made 
proteins is rendered possible by several endoplasmic reticulum chaperone proteins, including 
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protein disulfide isomerase (PDI) (Noiva and Lennarz, 1992), the Hsp70 family member 
Grp78 (Kimata et al., 2003), calnexin and calreticulin (Parlati et al., 1995). 
 
6.1.3 Protein transport from ER to Golgi apparatus 
Only properly-folded proteins are transported from the rough ER to the Golgi 
complex. Although there is no continuous membrane between the rough ER and the Golgi 
apparatus, membrane-bound vesicles shuttle proteins between these two compartments. 
Vesicles are surrounded by coating proteins called COPI and COPII. COPII targets vesicles 
from RER to the Golgi (Barlowe et al., 1994). COPI makes them to be brought back to the 
RER (Letourneur et al., 1994). The RER works in concert with the Golgi apparatus to target 
new proteins to their proper destinations. 
In S. cerevisiae, vesicle transport between the ER and the Golgi has been divided into 
two distincts and experimentally separable steps: the formation of vesicles at the surface of 
the ER and the docking and fusion of vesicles with the surface of the Golgi. A set of sec 
mutants has been identified to be defective in this process (Novick et al., 1981). The sec12, 
sec13, sec16 and sec23 mutants are defective in the formation of vesicles, while the sec17, 
sec18 and sec22 mutants are defective in the vesicle fusion step (Figure 17). 
 
6.1.4 Protein transport through the Golgi apparatus 
Vesicles from the endoplasmic reticulum fuse with the cis-Golgi network and proteins 
are subsequently processed through the stack to the trans-Golgi network, where they are 
packaged and sent to the required destination. Secreted proteins receive sequential 
modification during crossing distinct Golgi compartments, such as glycosylation and 
phosphorylation.  Golgi resident proteins Pmr1, Mnn9, Anp1 and Van1 have been identified 




6.1.5 Destiny of Golgi sorting proteins 
Proteins sorting from the tran-Golgi have at least two possible fates: transport to the 
plasma membrane via secretory vesicles, or transport to the vacuole. 
6.1.5.1 Sorting to the vacuole 
In yeast, soluble and integral membrane proteins sorting to the vacuole are via three 
apparently different mechanisms (Figure 18A). In the first pathway, soluble vacuolar proteins 
generally require specific signal sequences for binding to Vps10, a membrane protein receptor 
in the trans-Golgi; the receptor and the protein ligand are then thought to be transported 
together to a prevacuolar compartment (PVC), where the protein ligand dissociates to be 
further transported to the vacuole and the receptor Vps10 is recycled back to the Golgi (Figure 
18B) (Stack et al., 1995). This pathway is known as CPY pathway is used by the vacuolar 
soluble lumen hydrolase carboxypeptidase Y (CPY) (Conibear and Stevens, 1998). The 
second pathway for most vacuolar membrane proteins appear to be transported to the vacuole 
without a need for particular vacuolar targeting signals (Roberts et al., 1992). These proteins 
in the membrane of vesicle sorting from the trans-Golgi first fuse with the Multiple Vesicle 
Body (MVB) and then fuse with vacuole to reach the vacuolar membrane. Among them, some 
proteins, which are destined for degradation in the vacuole lumen by the proteases, have to 
enter into the lumen of MVB by internalization thanks to specific signals (i.e. ubitiquin) 
(Figure 18C). MVB sorting steps involve series of class-E vacuolar protein sorting (Vps) 
proteins (Raymond et al., 1992). However, this PVC or MVB compartment is not an 
intermediate step for all vacuolar proteins, a third pathway for proteins’ vacuolar targeting 
exists. For example, the vacuolar membrane protein alkaline phosphatase (ALP) takes another 
alternative route to reach the vacuole directly (Raymond et al., 1992). This pathway requires 
the AP-3 adaptor complex and a specific di-leucine signal in the proteins that are transported 






Figure 18 Different ways for Golgi sorting to the vacuole (A). Proteins that follow the CPY pathway enter 
clathrin-coated vesicles at the late Golgi and reach the vacuole by way of an prevacuolar compartment (PVC) 
(B); Membrane protein reaches vacuole independent of protein ligand (C); The fusion of multiple transport 
intermediates with the vacuole (D). (Belgareh-Touze et al., 2008; Conibear and Stevens, 1998) 
 
Genetic screens based on the detection of reduced proteolytic activity of the vacuole 
(Jones, 1977) or missorting of vacuolar hydrolases to the periplasmic space (Robinson et al., 







different purposes uncovered additional genes that, although not termed VPS, also participate 
in vacuolar protein sorting. Products of most vacuolar protein sorting genes identified to date 
control transport exclusively along the CPY pathway (Burd et al., 1998; Conibear and Stevens, 
1998; Mullins and Bonifacino, 2001). These include proteins involved in transport from the 
late-Golgi complex to the PVC (e.g., Vps1p, Vps8p, Vps9p, Vps10p, Vps15p, Vps19p, 
Vps21p, Vps34p, Vps45p, clathrin, the AP-1 complex, Gga1p/Gga2p, Drs2p, and Mvp1p); 
PVC maturation, including multivesicular body formation (e.g., Vps2p, Vps4p, Vps20p, 
Vps22p, Vps23p, Vps24p, Vps27p, Vps28p, Vps32p, and Vps36p); and retrieval from the 
PVC to the Golgi complex (e.g., Vps5p, Vps17p, Vps26p, Vps29p, Vps30p, Vps35p, Vps51p, 
Vps52p, Vps53p, Vps54p, and Grd19p). The ALP pathway is controlled by a surprisingly 
simpler machinery, of which the heterotetrameric adaptor protein complex AP-3 is the only 
specific component known to date. AP-3 participates, together with Vps39p and Vps41p, in 
the formation of ALP carriers at the late-Golgi complex (Rehling et al., 1999). The CPY and 
ALP pathways converge at the step of fusion with the vacuole, for which reason they share a 
number of gene products involved in vacuole targeting and fusion (e.g., Vam3p, Vam7p, 
Vps11p, Vps16p, Vps18p, Vps33p, Vps39p, Vps41p, and Ypt7p) (Figure 18D). 
The formation of MVBs has been the object of intense study during the last few years, 
and part of the molecular machinery triggering this process has been in part unveiled  (Babst, 
2005; Hurley and Emr, 2006; Slagsvold et al., 2006). The cytoplasmic domain(s) of most of 
the transmembrane components destined to the vacuole lumen are ubiquitinated in the late 
Golgi compartments or endosomal structures or at the plasma membrane (Hettema et al., 2004; 
Katzmann et al., 2002; Reggiori and Pelham, 2002). In the endosomes, these modified 
proteins are then recognized by the Vps27/Hrs-Hse1/STAM complex (sometimes referred to 
as endosomal sorting complex required for transport-0 [ESCRT-0]), which contains several 
ubiquitin-binding motifs, and this binding induces the recruitment of the ESCRT-I complex 
(Vps23p/Tsg101p, Vps28p, and Vps37p) to the endosomal membranes. This recruitment 
brings ESCRT-I in proximity to, and activates, the ESCRT-II complex (Vps22p, Vps25p, and 
Vps36p), which receives ubiquitinated cargoes. ESCRT-II then promotes the assembly of the 
ESCRT-III complex (Vps2p, Vps20p, Vps24p, and Snf7p), leading to the concentration of the 
cargoes into a membrane domain that will invaginate inward. This chain of events also 
requires additional proteins including Bro1p/Alixp, Vta1p, and Vps4p, the latter being 
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required for the recycling of the ESCRT complexes (Babst, 2005; Hurley and Emr, 2006; 
Russell et al., 2006; Slagsvold et al., 2006). 
 
6.1.5.2 Sorting to the plasma membrane 
Proteins destined to the plasma membrane are sorted from the trans-Golgi in budded 
secretory vesicles. These secretory vesicles are approximately 100nm in diameter that are 
specifically targeted to the tip of the developing bud, the site of exocytosis. The fusion 
competence of a vesicle relies on the presence of the small-molecular-weight GTPase Sec4p, 
which is posttranslationally modified by geranylgeranylation to facilitate its attachment to 
membrane (Ferro-Novick and Novick, 1993). In addition, the successful fusion of vesicles 
with the plasma membrane also requires the presence of a SNARE complex, which consists of 
the vesicular proteins Snc1p/Snc2p, the membrane-associated proteins Sso1p/Sso2p, and the 
Sec proteins (Sec1p, Sec3p, Sec5p, Sec6p, Sec8p, Sec9p, Sec10p and Sec15p) (TerBush and 
Novick, 1995).  
Heterologous sets of SNARE proteins, here exemplified by the secretory set of 
SNAREs, assemble in a zipper-like manner into tight complexes between two membranes, 
causing the initiating fusion (Figure 19A). The structure of the neuronal SNARE complex is 
shown as ribbon diagram on the left of Figure 19B (blue, red and green for synaptobrevin 2, 
syntaxin 1a and SNAP-25a, respectively). The layers in the core are indicated by virtual 
bonds between the corresponding central positions. The structure of the central layer is shown 
in detail on the right of Figure 19B (Sutton et al., 1998). According to this unusual 
hydrophilic layer in the center of the complex, SNAREs have been classified as either Q- or 
R-SNAREs depending on whether they contribute with a conserved glutamine or arginine, 
respectively, to this layer. The three Q-SNAREs are further subdivided into Qa-, Qb- and Qc-
SNAREs based on the other sequences of their SNARE domains. These four basic types of 
structure correspond to the four different helices of the canonical SNARE complex 
architecture (Antonin et al., 2002). Hence, functional complexes are composed of four 
different helices, each belonging to one of the four main groups ("QabcR" composition) 
(Weimbs et al., 1998). 
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During vesicles fusion, as an example, we consider three Q-SNAREs on an acceptor 
membrane and an R-SNARE on a vesicle. Q-SNAREs, which are organized in clusters, 
assemble into acceptor complexes. Acceptor complexes interact with the vesicular R-
SNAREs, and this nucleates the formation of a four-helical trans-complex. Trans-complex 
proceed from a loose state to a tight state, and this is followed by the opening of the fusion 
pore (Jahn and Scheller, 2006). 
 
Figure 19 SNARE proteins are key factors in vesicle trafficking in yeast. (A) Current model of the role of 




A number of different plasma membrane proteins are taken up by endocytosis and 
delivered to the vacuole. Proteins destined for endocytosis must have features that distinguish 
them from stable plasma membrane proteins. An endocytosis signal, ubiquitin, has been 
identified in S. cerevisiae. Ubiquitin is a 76 amino-acid protein that is covalently linked to 
lysine residues of target proteins by the action of ubiquitin-activating enzymes, ubiquitin-
conjugating enzymes, and ubiquitin-protein ligases. Ubiquitination acts as a signal that 
regulates the fate of target proteins (Dupre et al., 2004). The classical role of ubiquitin is to 
target proteins for degradation by the proteasome. Lately, it was reported to tag proteins for 
endocytosis and subsequent degradation in the vacuole. 
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In S. cerevisiae, the vast majority of plasma membrane proteins require ubiquitination 
of the cytoplasmic domain for internalization. This process involves the ubiquitin ligase Rsp5 
(homologous to proteins of the Nedd4 ligase family in higher eukaryotes). A subset of Rsp5 
substrates have a ‘PY motif’ ([L/P]PxY) and are recognized directly by the WW (Trp-Trp) 
domains of Rsp5. But most Rsp5 substrates do not carry PY motifs, and some may depend on 
PY-containing adaption proteins for their ubiquitination by Rsp5 (Belgareh-Touze et al., 
2008). Most of the proteins ubiquitylated at the plasma membrane are then targeted for 
degradation in the lysosome/vacuole (Figure 20) (Belgareh-Touze et al., 2008; Hicke and 
Dunn, 2003; Horak, 2003). A second step in the endocytic pathway also involves ubiquitin-
dependent events. Sorting to internal vesicles that bud inside multivesicular bodies (MVBs) 
requires cargo ubiquitylation, and a machinery conserved from yeast to man (class E vps 
proteins) (Katzmann et al., 2002; Raiborg et al., 2003). This process shares many similarities 
with ubiquitin-dependent events at the plasma membrane, and even some common actors, 
including as demonstrated in yeast the ubiquitin ligase Rsp5p (Blondel et al., 2004; Dunn et 





Figure 20 Endocytosis of proteins in yeast cell. “Ub.” is the abbrievation of ubiquitin.  (Belgareh-Touze et al., 
2008). 
 
6.2 Unconventional secretion pathway 
As indicated above, most secretory proteins contain N-terminal or internal signal 
peptides that direct their sorting to the endoplasmic reticulum (ER). From the ER, proteins are 
transported to the extracellular space or the plasma membrane through the ER-Golgi secretory 
pathway. Although the signal peptide mediated ER-Golgi system is an extremely efficient and 
accurate molecular machine of protein export, several studies have identified proteins lacking 
this motif that can also be secreted in mammalian (Nickel, 2005) as well as in yeast (Nombela 
et al., 2006) by non-classical ER- and Golgi-independent mechanisms, as for instance, 
enolase (Edwards et al., 1999) and fructose 1, 6-bisphosphate aldolase (Pardo et al., 2000) in 
yeast cells. Evidence of proteins present at the yeast cell surface that lack N terminal signal 
peptides was initially provided by morphological, biochemical and genetic studies. The 
existence of such proteins has subsequently been demonstrated by proteomic approaches 
(Pardo et al., 2000; Pitarch et al., 2002).  
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Since many of these surface proteins lacking the N terminal signal peptide are also 
found in the cell, especially in the cytoplasm (Jong et al., 2003; Lopez-Villar et al., 2006; 
Urban et al., 2003), Eroles et al proposed that these signal-less dual location proteins could 
simply reach the cell surface as a result of cell lysis (Eroles et al., 1997). However, Nombela 
et al suggested that these proteins could possibly be exported out of cell by another 
mechanism (Nombela et al., 2006). For example, the ATP-binding cassette (ABC) transporter 
might be a potential driver for protein export. The a-factor, a small prenylated mating peptide 
of 12 amino acids, is found to be secreted in an endoplasmic reticulum (ER)-Golgi-
independent manner. Secretion of this protein is mediated by Ste6 (McGrath and Varshavsky, 
1989). Ste6 belongs to the family of ATP-binding cassette (ABC) transporters, which are 
involved throughout eukaryotes in the translocation of peptides across the ER membrane 
(Pamer and Cresswell, 1998) or cholesterol across the plasma membrane (by ABCA1) (Borst 
et al., 2000). Besides, non-classical export (NCE) genes NCE101 and NCE102 are related to 
non-classical export of heterologous mammalian galectin. (Nombela et al., 2006; Prudovsky 
et al., 2003) 
Recently, two types of non-conventional protein transport to the cell surface of 
eukaryotic cells have been discovered: these processes are known as unconventional protein 
secretion (Nickel and Seedorf, 2008). Signal-peptide-containing proteins, such as yeast heat-
shock protein 150 (Hsp150) (Fatal et al., 2004), the cystic fibrosis transmembrane 
conductance regulator (CFTR) (Yoo et al., 2002), CD45 (Baldwin and Ostergaard, 2002), the 
yeast protein Ist2 (Juschke et al., 2005) and the Drosophila melanogaster α integrin subunit 
(Schotman et al., 2008), are inserted into the ER but reach the cell surface in a coat protein 
complex II (CoPII) machinery- and/or Golgi independent manner.  
Two striking findings in the field of unconventional protein secretion have been the 
recent discoveries of general roles for caspase 1 and GRASP (Nickel and Rabouille, 2009). 
Caspase 1 was shown to function as a general regulator of stress induced unconventional 
secretion for a number of cytokines. In parallel, orthologues of mammalian GRASP proteins 
have been shown to have a crucial role in both types of unconventional secretion in D. 
discoideum and in D. melanogaster. Intriguingly, these two processes are restricted to specific 
developmental stages and, therefore, are thought to be triggered by unrecognized signaling 
pathways (Nickel and Rabouille, 2009). 
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Observations of these alternative secretions in higher eukaryote cells provide grounds 
for postulating membrane blebbing (bubble formation) and other options in yeast, based on 
the specific recognition of alternative secretion proteins for export outside the plasma 
membrane (Nombela et al., 2006). And in addition, secondary-structure elements might also 




7 Purpose of this work: localization, secretion and 
function of Ath1 in Saccharomyces cerevisiae  
7.1 Localization problem of Ath1 
For a long time since the discovery of Ath1, this protein was considered  to be 
exclusively localized in the vacuole due to the finding that specific trehalase activity increased 
parallel to the specific content of vacuolar makers in the vacuole by the density gradient 
centrifugation of yeast protoplast preparation (Keller et al., 1982). This localization was 
recently supported by in vivo live imaging analyses using GFP-Ath1 fusion constructs 
expressed under a strong TPI1 promoter (Huang et al., 2007). However, the finding that this 
protein is needed for grothw on exogenous trehalose raised the following question: how Ath1 
gains access to its substrate to perform its physiological role? Especially, in the BY 
(EUROSCARF) collection strains, the membrane trehalose transporter encoded by AGT1 is 
absent. This absence impaired the Nth1/Agt1 pathway for assimilating exogenous trehalose, 
leaving only Ath1 to be responsible for hydrolyzing exogenous trehalose for cell growth. In 
the study of (Jules et al., 2008), it was also found that trehalose can escape from the cell to be 
hydrolysed to glucose at the cell surface. As a result, the reaching of “vacuolar” Ath1 to its 
extracellular substrate trehalose remains an open question. However, this enzyme may also 
have an extracellular localization? 
As described above, the discovery of the gene encoding ATH1 was based on a strategy 
measuring an halo of cell growth due to trehalose assimilation on plate, after transforming 
yeast cells with a yeast genomic library on multiple-copy plasmids. Rather surprising, these 
authors considered this result as a mislocalization of Ath1 to cell surface due to the 
overexpression (Destruelle et al., 1995). 
In 2004, Jules et al. (2004) was able to measure acid trehalase activity on intact cells 
incubated with trehalose, providing that these cells were preincubated with NaF, which 
somehow prevents uptake of glucose released from trehalose (as it was done for the invertase 
assay). Furthermore, in this work, it was found that the growth was optimum at the optimal 
pH of acid trehalase, which was around 4.5-5.0, whereas there was almost no growth at pH 
above 6.0. This finding together with the fact that yeast can take up trehalose by a specific 
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transporter encoded by AGT1, led us to propose two pathways for the trehalose assimilation in 
yeast cell (Figure 21) (Jules et al., 2004; Parrou et al., 2005). The first assimilation pathway is 
the cytosolic neutral trehalase Nth1 which hydrolyzes trehalose, imported via the Agt1-
mediated trehalose transport, to glucose in the cytoplasm. The second pathway is dependent 
on the acid trehalase localized in the periplasmic space that can hydrolyses trehalose into 
glucose, which in turn is taken up by a hexose transporter. 
 
Figure 21 Model of trehalose assimilation in the yeast Saccharomyces cerevisiae (Jules et al., 2004; Parrou 
et al., 2005). 
 
The reason why previous authors identified acid trehalase only in the vacuole had 
probably some roots in the fractionation procedure of lysed spherolasts to isolate cell 
compartments. As stated by Mittenbuhler and Holzer, this procedure was not rigorous enough 
to exclude a periplasmic localization of this enzyme (Mittenbuhler and Holzer, 1988). 
Following a similar procedure, a vacuolar localization was incorrectly attributed to invertase 
(Beteta and Gascon, 1971). However, imaging analyses of overexpressed GFP-Ath1 fusion 
protein showed the fluorescent signal strictly presenting in the vacuole (Huang et al., 2007). 
We also postulate that this may probably be due to the mislocalization of the protein to 




7.2 The secretion mechanism of Ath1 
7.2.1 Determing sequence for Ath1 sorting 
Generally, proteins undergoing intracellular trafficking or secretion bear some specific 
sequence for this targeting. Domain prediction of Ath1 using the SMART program 
(http://smart.embl-heidelberg.de/) identifies the presence of the Glycosyl Hydrolase N-
terminal and the central catalytic Pfam domains (http://www.sanger.ac.uk/Software/Pfam/) 
that characterize the classification of Ath1 in the “glycosyl hydrolase” GH65 CAZy  family 
(Carbohydrate-active enzyme) (Parrou et al., 2005). Here we updated the table of Parrou et al, 
and analyzed all the available sequence of acid trehalases in this family. We established three 
sub-groups according to their domain profile: the first one presents an N-terminal 
transmembrane domain; the second sub-group harbours a signal peptide at the N-terminal end 
of the sequence; and the third group has neither of these two features (Table 2). 
So far, most of these acid trehalases have been poorly studied or only recognized as 
putative proteins with a sequence similarity to S.cerevisiae Ath1, except for Atc1 from 
Candida albicans, TREA gene product from Aspergillus nidullans and ATM1 gene product 
from Metarhizium anisopliae var. acridum. Atc1 from Candida albicans was reported to be 
linked to cell wall and required for cell growth on trehalose (Pedreno et al., 2004; Pedreno et 
al., 2007). These authors showed that this protein presented a signal peptide using the method 
described in (von Heijne, 1986). Besides, two acid trehalases harbouring a signal peptide 
which also belong to the second group have been reported to be extracellular. The first one  is 
TREA gene product from Aspergillus nidullans which is reported to be localized in the 
conidiospore wall and is required for growth on trehalose as a carbon source, but it is not 
involved in the mobilization of the intracellular pool of trehalose (d'Enfert and Fontaine, 
1997). In addition, acid trehalase in Metarhizium anisopliae var. acridum encoded by ATM1 
was also reported to be extracellular (Zhao et al., 2006). 
This in silico analysis revealed that Ath1 from S.cerevisiae belongs to the first sub-
group, which has no classical signal peptide but only a 23aa length transmembrane (TM) 
domain near the N-terminus, and three “glycosyl hydrolase” (GH) domains (aa 132 - 415, 474 
- 845 and 849 - 904) that altogether may constitute the catalytic domain of Ath1 (Parrou et al., 




Table 2 Domain prediction of fungal acid trehalases belonging to GH65 family. (updated from the table of 
Parrou et al., 2005) 
 
Species SP TM  GH_65N  GH_65m  GH_65C   Ace.nb 
Saccharomyces cerevisiae  47-69  132-415  474-845  849-904  ATH1 P48016 
Candida glabrata  81-103  168-449  507-878  882-937  ? CR380957 
Debaryomyces hansenii  38-60  123-395  455-808    ? CR382136 
Candida dubliniensis   34-53  112-380  441-802    ATH1 CAX44942.1 
Lachancea thermotolerans  20-42  111-265    807-861  ATH1 CAR22033.1 
Zygosaccharomyces rouxii  33-55  111-387    817-871  ATH1 CAR28837.1 
Pichia pastoris  5-27  62-336      ATH1 CAY71585.1 
            
 
Candida albicans 1-17   75-343  404-765    ATC1 AAV05390.1 
Kluyveromyces lactis 1-22   73-358  427-800  804-859  ? CR382125 
Yarrowia lipolytica CLIB99 1-16   74-325  378-698    ? CR382131 
Penicillium chrysogenum Wisconsin 1-20   54-332  399-760  770-821  ? CAP93857.1 
Aspergillus nidullans 1-23   65-338  397-773  777-828  TREA AAB57642 
Talaromyces emersonii 1-17   64-339  397-776  780-832  ? AY348555 
Metarhizium anisopliae var. acridum 1-20   59-336  395-772  776-828  ATM1 DQ237957 
            
Eremothecium gossypii (Ashbya gossypii )    112-383  438-809  813-868  ? AE016820.3 
Metarhizium acridum    67-337  403-769  776-832  ? ABB51158.1 
 
Abbreviations: GH65 CAZy family: Glycosyl Hydrolase 65 Carbonhydrate Active Enzyme family; GH_65N: 
N-term domain; GH_65m: central catalytic domain; GH_65C: C-term domain. 
 
During the debate of the localization of Ath1 in S.cerevisiae, Huang et al. have argued 
that Ath1 is exclusively localized in the vacuole by in vivo imaging of GFP-Ath1 fusion 
protein expressed under a strong promoter. They also used various trafficking mutants to 
study the vacuolar targeting pathway, especially in the step of Golgi apparatus to the vacuole. 
As described in above, this transport step involved several different pathways, known as CPY 
pathway, ALP pathway and MVB pathway, as well as autophagy pathway delivering protein 
from the cytoplasm to the vacuole. Several proteins in these pathways have been studied, such 
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as Apm3 involved in the ALP pathway, Vps4 involved in the CPY and MVB pathways, as 
well as Atg1 involved in the autophagy pathway. Ath1-GFP fusion construction was 
introduced into these mutants  and localization of the protein was examined by fluorescence 
microscopy. Among these mutants, vps4 has been found to have targeting defect of Ath1 into 
vacuole.  
Although Vps4 functions in both pathway (CPY and MVB), vps4 mutant has different 
phenotypes for cargoes of the CPY and MVB pathway: Vacuolar hydrolases using the CPY 
pathway are generally soluble proteins, which are not internalized into MVB vesicles. These 
proteins are partially secreted and mostly accumulate in the class E compartment in vps4 
mutant cells (Babst et al., 1997). In contrast, cargoes of the MVB pathway are those integral 
membrane proteins that are normally selectively internalized into MVB vesicles and therefore 
accumulate on the limiting membrane of the abnormal late endosome as well as on the 
vacuole membrane when Vps4 function is compromised (Reggiori and Pelham, 2001). Based 
on these differences, together with the microscopy result of Ath1-GFP in this mutant, it was 
proposed that Ath1 reaches to the vacuole through the MVB pathway. On the contrary, 
different to the other proteins transported through this pathway, Ath1 does not need to be 
ubiquitinated. 
There are still two possible routes through which this could occur. Ath1 could be 
either directly sorted into the MVB pathway at the Golgi apparatus or first secreted to the 
plasma membrane by exocytosis and then internalized by endocytosis. By studying an 
endocytosis-deficient end3 mutant in which the internalization step of endocytosis is defective 
(Raths et al., 1993), they excluded the possibility of this latter route. As a result, it is 
concluded that Ath1 reaches to the vacuole through an ubiquitin-independent MVB pathway 
bypassing the plasma membrane. Since the unique TM domain alone fused to GFP presented 
the flucorescent signal in the vacuole, these author concluded: the transmembrane domain of 
acid trehalase mediated ubiquitin-independent MVB pathway sorting (Huang et al., 2007). 
As demonstrated in the previous section, this work was based on an overexpression 
system, which may possibly have some artifact in studying the protein localization. Thus we 
decide to revisit the problem of Ath1 localization in the light of keeping the study under 
correct physiological conditions, which means, that we had to work using endogenously 




7.2.2 Ath1 and classical secretory pathway 
Earlier study showed that Ath1 is a glycosylated protein (Londesborough and Varimo, 
1984). In 1987, it was reported that the activity of Ath1 was dependent on a functional PEP4 
gene product, the protease A that is responsible for activating soluble vacuolar enzymes 
(Harris and Cotter, 1987). This result led to the suggestion that Ath1 might be processed in a 
manner similar to other vacuolar enzymes and therefore indicated that Ath1 could be targeted 
into the vacuole by the same pathway as other vacuolar enzymes. 
Lately, targeting of Ath1 has been studied with different sec mutants (Harris and 
Cotter, 1988; Mittenbuhler and Holzer, 1991). Detection of Ath1 was performed by western-
blot using anti-Ath1 serum. Extracts from mutant sec61, which is blocked in the passage of 
newly synthesized protein into the ER exhibited a distinct band at 41 kDa. In extracts from the 
sec18 mutant which is blocked in the delivery of secretory protein from the ER into the Golgi 
apparatus, a strong band at molecular mass 76 kDa appeared. A major band of 180 kDa was 
detected in the extract from the sec7 mutant blocked in the transfer of secretory proteins in the 
Golgi apparatus. The mature protein which showed a diffuse band at 220 kDa was seen only 
in extracts from wild-type (Figure 22).  
 
Figure 22 Maturation of yeast acid trehalase. Molecular forms of yeast acid trehalase appearing during the 
passage through the secretory pathway (Mittenbuhler and Holzer, 1991). 
 
This result was obtained before ATH1 was sequenced. At that time, these authors 
considered the 41kDa as the core body of Ath1, and the increasing size was due to a 
subsequent glycosylation during intracellular trafficking in ER and Golgi apparatus. However, 
after ATH1 has been sequenced, these author found that Ath1 bears 1311 aa, which 
corresponded to a size of 130kDa (Destruelle et al., 1995). Meanwhile, a novel highly 
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glycosylated secretory protein Ygp1 (gp37), with a migration size of 41kDa, was detected as 
co-purifying with Ath1 (Alizadeh and Klionsky, 1996; Destruelle et al., 1994).  Thus these 
author had to re-explain these result from sec mutants, and proposed that the 41kDa core 
likely corresponded to Ygp1 and not to Ath1 (Alizadeh and Klionsky, 1996).  
 
7.2.3 Co-purification of Ath1 with cell wall proteins 
Holzer and coworkers found a tight association of acid trehalase with invertase, a 
well-known cell wall-associated enzyme (Mittenbuhler and Holzer, 1988). Moreover, a highly 
purified preparation of acid trehalase was found to be “contaminated” with a small 
polypeptide of 37-41 kDa that turned out to be encoded by YGP1 (Alizadeh and Klionsky, 
1996; Destruelle et al., 1994). This gene codes for a highly glycosylated protein that is 
secreted at the cell surface and whose expression is dramatically increased in response to 
nutrient limitation or starvation conditions (Destruelle et al., 1994). In addition, Jules et al. 
found that deletion of YGP1 lead to a failure of cell growth on trehalose of the BY family 
strain. Thus they proposed an important role of Ygp1 in Ath1 targeting or it could be a 
regularoty factor in the expression of Ath1 (Parrou et al., 2005). 
Since the purification of Ath1 was very easily contaminated by these two secretory 
proteins, it could be speculated that these three proteins might take the same secretory 
pathway in the yeast cell, or they might be very close to each other, even interact with each 
other. As Ath1 present no classical secretory signal at its N-terminus (Parrou et al., 2005), is it 
possible that these two proteins might play a role in the secretion of Ath1, such as being a 
secretory chaperon? Besides the central question of where is localized exactly Ath1 and how 
is it targetted to its potential compartment, the role of Ygp1 in Ath1 function will be also 
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8 Localization studies of acid trehalase (Ath1) in 
Saccharomyces cerevisiae by biochemical approaches 
8.1 Growth of yeast cells on trehalose as carbon source 
The yeast S.cerevisiae contains a neutral and an acid trehalases both of which could 
hydrolyse trehalose to glucose, which can be further used as energy and carbon source for cell 
growth. In the case of trehalose used as the sole carbon source in the medium, Parrou et al. 
proposed existence of two exogenous trehalose assimilation pathway in yeast cell (see Figure 
21 in the introduction) (Jules et al., 2004; Parrou et al., 2005). The first assimilation pathway 
is the coupling of the Agt1-mediated trehalose transport with the cytosolic neutral trehalase 
Nth1 that  hydrolyzes trehalose into glucose in the cytoplasm. The second pathway is 
dependent on acid trehalase Ath1 that cleaves trehalose at the cell surface into glucose, which 
is in turn taken up by a hexose transporter.  
As described above, S.cerevisiae strains commonly used in the research laboratory, 
KT1112 family (MAL), CEN.PK113-7D (MAL2-8c), BY family (mal-), have different 
background which can impact of the expression and function of the AGT1-encoded 
transporter which is maltose regulated (see introduction 3.2.1.3). As a preliminary step 
towards detailed molecular characterization of pathways that affect trehalose assimilation, we 
decided to reinvestigate these different wild type reference strains.  
Wild type cells of these three background strains were inoculated in YN trehalose 
medium (pH 4.8) and growth on trehalose was recorded (Figure 23). The BY family strain is 
maltose negative and thus cannot express AGT1. Therefore, the growth on trehalose only 
relies on the Ath1 pathway. It shows a lag phase of about 40 hours, before starting dividing at 
very low growth rate (µ=0.06) and seems to attain a ‘stationary phase’ at a very low density of 
5. On the other hand, KT1112 strain is know to be maltose inducible and so the AGT1 can be 
induced by maltose. Growth of this strains also started after  a long lag phase (>50 hours), but 
grew slightly faster than the BY strain (µ=0.08), and reached a very high biomass density 
after 150 hr growth. The CEN.PK113-7D strain which is a MAL constitutive and hence 
expresses AGT1 started to grow on trehalose much faster than the two previous strains, 
although the growth rate was similar to that measured for KT1112 (µ=0.08). As it was already 
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reported in Jules et al. (2004), the relatively shorter lag phase of this strain may probably due 
to the the membrane transporter Agt1 that is highly effective in the early stage of growth on 
trehalose. 
 
Figure 23 Cell growth curve of CEN.PK113-7D, KT1112 and BY4741 grown on YN trehalose. Wild type 
cells of three different background strains were inoculated to YN trehalose medium (pH4.8), complemented for 
the auxotrophic elements. Growth was followed by measuring optical density at 600nm (OD600nm). 
 
8.2 Deletion of ATH1 in yeast cell 
The structural gene ATH1 encoding acid trehalase has been isolated and sequenced by 
Destruelle et al. (Destruelle et al., 1995). Here, we deleted this gene in the three different 
strain backgrounds (CEN.PK113-7D, KT1112 and BY4741) by disrupting the ATH1 ORF 
with a KanMX4 cassette bearing a short sequence of ATH1 for homologous recombination in 
vivo (see experimental procedures). Deletion mutant cells were selected in the YPD agar plate 
supplemented with geneticine G418. These three mutants were inoculated to YN trehalose 
liquid medium (pH4.8) for growth assay. Figure 24 shows that loss of Ath1 function in KT 
and BY background completely abolished their growth on this carbon source medium. This 
growth defect of BY was due to the absence of both trehalose hydrolysis pathways since the 
Nth1-Agt1 pathway is already not functional in this strains, whereas growth defect in KT 
strains after ATH1 deletion indicated that Agt1 transport could not be induced in this trehalose 
medium, thus resulted in the loss of both two systems. On the other hand, deletion of ATH1 in 
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CEN.PK strain did not prevent growth but resulted in a significant reduction of growth ability 
on trehalose that was dependend on the Nth1-Agt1 trehalose assimilation pathway, as already 
shown in (Jules et al., 2004). These results confirmed that mal negative or MAL inducible 
strains (in which MAL remains inactive) rely on the Ath1 pathway as the sole system to use 
exogenous trehalose for growth. Although MAL independent strain (in which MAL always 
remains active) has two exogenous trehalose assimilation systems, deletion of the Ath1 
pathway led to a severe growth reduction on trehalose. Therefore, we conclude that the 
growth of S.cerevisiae cells on exogenous trehalose mainly depends on Ath1.  
 
Figure 24 Growth curve of ath1∆ mutant in CEN.PK, KT and BY background strains. ath1∆ mutant cells 
together with its corresponding wild type strains were inoculated to YN trehalose medium (pH4.8). Optical 
density of these cultures was measured following their growth. 
 
8.3 Acid trehalase activity in yeast cell 
As a measurable Ath1 activity could be determined on the intact cells of CEN.PK113-
7D strain(Jules et al., 2004), it was proposed that Ath1 could be presented at the cell surface 
where it hydrolyses the exogenous trehalose for cell growth (Jules et al., 2004). Since 
important difference of growth profile has been found in the three background stains of 
CEN.PK113-7D, KT1112 and BY, we were wondering whether this difference could be in 
part due to the activity of acid trehalase. We first assayed this activity from stationary phase 
cells on glucose, as in this condition ATH1 gene expression is released from glucose 
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repression. Cells were collected for Ath1 activity measurement both on intact cell and in 
crude extract, this latter being considered as the total activity of Ath1 in the cells. In Figure 
25, we could see that all these three strains presented a considerable proportion of Ath1 
activity on intact cells, which was varying between 50% to 70% of the total activity. 
Meanwhile, no significant difference on the Ath1 activity among these three strains has been 
found. However, the Ath1 activity in CEN.PK113-7D was apparently a little higher than in 
the other two strains. Although cells in this experiment were grown in glucose other than 
trehalose, this higher activity may still explain a little its better growth on trehalose than the 
other two strains. Besides, deletion of ATH1 in these three strains led to the loss of acid 
trehalase activity. 
 
Figure 25 Ath1 activity of CEN.PK113-7D, KT1112, BY4741 and their corresponding ath1∆ mutant. Wild 
type cells from three different strain backgrounds and their corresponding ath1∆ cells were grown in YPD 
medium for 3 days till stationary phase and were collected for measuring Ath1 activity on intact cell and in crude 
extract. 
 
8.4 Validation of the enzymatic assay 
Our current method to measure the cell surface Ath1 is based on the measurement of 
this activity on intact cells according to the procedure employed to measure the secreted 
invertase (Silveira et al., 1996), in which NaF is added in the incubation mixture to block 
glucose utilisation/ catabolism. NaF is assumed to block glycolysis and then prevent the 
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generation of energy, which therefore prevent further phosphosylation of glucose. However, 
their mechanism is not yet characterized (Kanapka and Hamilton, 1971). In the paper of 
Huang (Huang et al., 2007), they raised a doubt on the reliability of this method, questioning 
the possibility of release of glucose or proteins from the cells caused by NaF. Therefore, we 
revalidated our enzymatic assay of acid trehalase.  
We firstly tested the difference of the generated glucose from trehalose hydrolysis by 
intact cells in the reaction mixture with and without treatment of NaF. Comparing to the 
untreated cells, cells treated with NaF presented higher glucose level in the reaction mixture 
(Figure 26). This result confirmed the effect of NaF to prevent utilisation of the glucose 
released by Ath1 but the mechanism by which NAF exerts this effect remains to characterize. 
 
Figure 26 NaF blocks exogenous glucose uptake by the cells. Wild type BY 4741 cells were grown in YPD 
medium to stationary phase and then were collected for Ath1 activity test on the intact cell treated with or 
without NaF. 
 
We further excluded the possibility of intracellular glucose and proteins release by 
another experiment. BY4741 cells were grown in YPD medium to exponential phase. In this 
condition, Nth1 is expressed whereas Ath1 was repressed due to glucose repression (San 
Miguel and Arguelles, 1994). Then cells were collected and incubated with NaF before the 
activity of Ath1 and Nth1 was assayed on intact cell and in crude extract at their optimal pH 
(i.e. pH4.5 for Ath1, pH7.0 for Nth1). In these exponential glucose growing cells, the 
intracellular glucose concentration is considerable, whereas we could not measure any 
glucose in the reaction mixture for activity assay on intact cells (Figure 27). This result 
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excluded the possibility of intracellular glucose release. In addition, we found a significant 
Nth1 activity in the cellular crude extract, but still no glucose could be detected in the reaction 
mixture incubating intact cell, which means that intracellular protein Nth1 could not be 
released to the reaction mixture with the treatment of NaF. This result further excluded the 
possibility of intracellular protein release caused by NaF.  
 
Figure 27 Intracellular glucose or proteins release test . Wild type BY4741 cells were grown in YPD medium 
to exponential phase and were then collected for Ath1 and Nth1 activity test on the intact cells and in cell crude 
extract. 
 
A third validation of our assay was a successful measurement of acid trehalase activity 
on intact cells from a mutant completely defective in glucose uptake (hxt1-17∆ strain) 
(Diderich et al., 1999; Wieczorke et al., 1999) grown on glycerol and ethanol as carbon 
source, which allowed ATH1 expression. In this test, NaF could be omitted from the reaction 
mixture. Genetic studies and analysis of the S. cerevisiae genome implicated the HXT family 
(include HXT1-HXT17) of homologous genes in encoding the hexose transporters expressed 
by S.cerevisiae (Kruckeberg, 1996). Mutation of these genes leads to a defect of glucose 
import by yeast cells. The hxt1-7∆ mutant has been reported to have a growth defect on 
medium with various concentration of glucose (Reifenberger et al., 1995). We measured the 
Ath1 activity in hxt1-7∆ mutant cell without NaF, but found that Ath1 activity on intact cells 
was relatively low (only 15% of total activity). This result indicates that the generated glucose 
by Ath1 could still be imported by the cells. However, when all the 17 glucose transporters 
are mutated (hxt1-17∆), we could measure a considerable glucose concentration in the 
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reaction mixture with intact cells in the absence of NaF. This result further confirmed that 
glucose in the medium is derived from the hydrolysis of trehalose by Ath1 at the cell surface.  
(Figure 28).  
Taken together, all these results demonstrated that the use of NaF did not cause any  
artifact as for instance cell lysis or release of glucose from intracellular metabolism, and 
hence, glucose measured on intact cells resulted from the cleavage of the disaccharide by an 
extracellular acid trehalase pool.  
 
Figure 28 Ath1 activity in hxt1-7∆ and hxt1-17∆ mutant. hxt1-7∆ and hxt1-17∆ mutant cells were grown in 
YPD medium till stationary phase and were collected for Ath1 activity test both on intact cell and in crude cell 
extract. 
 
8.5 Expression of Ath1 under different promoter 
Since we proposed that cell growth on exogenous trehalose mainly depends on Ath1 
activity, we were wondering whether the growth rate could be increased with the 
overexpression of Ath1. 
In this part, ATH1 was expressed under different promoters, and enzymatic activity 
was measured, as well as the growth rate on trehalose of these different engineered strains 
was monitored. Besides, different carbon sources have been used in order to see whether it 
has certain influence on the gene expression of Ath1. 
The ath1∆ mutant of the BY family was transformed with different plasmids 
containing the ATH1 ORF under the control of different promoters: PATH1 promoter: the 
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native promoter; PSUC2 promoter: the promoter of invertase; PGAL1: an galactose-inducible 
strong promoter; PTDH3 promoter: a strong constitutive promoter often used for protein 
overexpression; PMET25 promoter: a methionine-repressible promoter. These transformant 
cells were grown in YN liquid medium supplemented with trehalose, galactose or glucose as 
carbon source till early exponential phase (OD600nm=1-2). At this time, samples were taken 
for transcriptional level and for activity assay of Ath1. Meanwhile, we also measured levels of 
ATH1 and activity of the corresponding protein in strains expressing Ath1 under its own 
promoter grown in YNB or YPD medium to the stationary phase, since under this condition, it 
is expected that the ATH1 gene is fully released from glucose repression.  
Figure 29 shows the expression level of ATH1 under these different promoters. Setting 
the expression level of ATH1 under its own promoter grown on trehalose to 1 (calibrator 
sample), the data illustrated the ratio of ATH1 expression under the other promoters relative to 
PATH1(T). It was surprised to find that ATH1 was poorly expressed in the YNB medium, 
even at the stationary phase when glucose was exhausted. So far, we have no explanation for 
this. However, expression of ATH1 in YPD was even better than that in YN trehalose 
medium. Expression of ATH1 under PSUC2 was only two-fold higher than under its native 
promoter, while the strong promoters PGAL1, PTDH3 and PMET25 resulted in twenty to 
hundreds times increase of ATH1 expression. Comparing the expression level under PATH1, 
PTDH3 and PMET25 grown on different carbon sources, we could see that the presence of 




Figure 29 Expression level of Ath1 under different promoters. BY ath1∆ mutant cells transformed with 
different plasmids containing ATH1 ORF under different promoters were grown in YN liquid medium 
supplemented with trehalose, galactose or glucose as carbon source till early exponential phase (OD600nm=1-2), 
except for PATH1(G) or PATH1 (G rich) which were grown in YNB or YPD medium till stationary phase. Cells 
were collected for extraction of total RNA, and followed by cDNA synthesis and Real-time PCR using specific 
primers for ATH1. Datas were analysed and calculated according to the referrence genes (UBC6, ALG9).  
 
We then looked into the enzymatic activity of Ath1 in these transformants. In Figure 
30, we can see that the enzymatic activity of Ath1 under these different promoters was 
maximally 20 times higher than from cells expressing the corresponding gene from its own 
promoter. This result contrasted with the huge increase in gene expression seen under pTDH3, 
which was for instance between 87 and 240 -fold. This difference may be due to the limit of 
cellular translation system. In addition, for most overexpression case, proportion of Ath1 
activity on intact cells diminished comparing to total activity. This result indicates that there is 
less Ath1 localized at the periplasm / cell surface, which suggest that the ‘secretion system for 
Ath1’ is easily saturated. 
Consistent with the expression level, cells grown in YNB medium hardly presented 
any Ath1 activity. Although the expression level of ATH1 was two fold higher when cells 
were grown in YPD medium to stationary phase than YN trehalose medium, Ath1 activity in 
these two cultures were almost the same level. Comparing Ath1 activity expressed under 
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PTDH3 in different culture medium, we can see that Ath1 activity in cells grown in trehalose 
medium is higher than in galactose and glucose, although the transcriptional level of ATH1 in 
this trehalose medium was the lowest among the three cultures conditions (Figure 29). Similar 
result was obtained with PMET25. Activity of Ath1 was much higher when cells were grown 
in trehalose than in glucose medium, whereas gene expression was higher on glucose than on 
trehalose medium (Figure 29). These results may suggest that the presence of substrate in the 
culture favors the protein synthesis and probably helps its targeting to encounter the substrate. 
Consistent to the much higher Ath1 activity in the cells expressed Ath1 under PTDH3  
and PMET25 than under its own promoter, these two strains also presented a much shorter lag 
time as well as a much faster growth rate in trehalose medium (PTDH3: µ=0.14; PMET25: 
µ=0.08; PATH1: µ=0.06) (Figure 31). This result further confirmed that Ath1 is the crucial 
enzyme for cell growth on exogenous trehalose. However, cells expressed Ath1 under PSUC2 
(µ=0.03) grew even slower than expressed under its own promoter, although the activity of 
Ath1 in this latter strain is about 2 times higher than in strain expressing ATH1 under its own 
promoter. This result is very surprising, and we do not have any explanation to provide for 




Figure 30 Ath1 activity expressed under different promoters.  Same culture condition were carried out as in 
Figure 30. Cells were collected for Ath1 activity measurement both on intact cells and in crude extract. 
Histograms show the results of two independent experiments (mean ± standard deviation). 
 
 
Figure 31 Growth curve of strains expressing ATH1 under different promoters on trehalose. Cells were 





8.6 Ath1 activity in the medium 
Since activity of Ath1 could be measured on intact cells, it was proposed that this 
enzyme may be localized at the cell surface or else between plama membrane and cell wall  
(Jules et al., 2004). Therefore, we raised the simple question: could part of Ath1 be released 
into the medium? To verify this hypothesis, we grown the wild type BY4741 cells in both 
trehalose medium and glucose medium till exponential phase and stationary phase, 
respectively. Besides measuring the activity of Ath1 activity both on intact cells and in crude 
extracts, as before, we also verified if this activity was present in the supernatant as follows: 
the supernatant was filtered through 0.22µm membrane filter and concentrated by Amicon 
Ultra centrifugal filter devices (detail see experimental procedures). In Figure 32, we could 
see that a significant Ath1 activity corresponding to about 30% of total activity of cellular 
resident Ath1 could be detected in the culture with trehalose as growth carbon source, while 
this proportion is only about 15% when the cells were grown in glucose. The Ath1 activity 
measured in glucose-grown stationary phase culture may possibly be due to cell lysis, since 
ethylene blue test showed that about 10% of the cells were dead in this culture. However, on 
trehalose, there was less than 5%  of cells that turned out blue upon coloration with this dye, 
indicating that Ath1 activity measured in the trehalose medium was merely the result of 
secretion. Therefore, these results indicate that Ath1 could be secreted to the medium from the 
cells, or suggest that this enzyme can be loosely attached at the outermost cell surface. 
Furthermore, the presence of trehalose in the medium would favor this release, which may 
favor this enzyme to encounter much easily its substrate, to supply cells with the glucose 
generated from trehalose. 
 
Figure 32 Ath1 activity in the medium. BY4741 wild type cells were grown in YN trehalose medium till 
exponential phase and YPD medium till stationary phase. Cells and supernatants of these cultures were collected 




Cell growth and Ath1 activity were measured in three different background strains 
CEN.PK113-7D, KT1112 and BY. These three strains showed different growth behaviour on 
trehalose medium, whereas they had almost the same level of Ath1 activity.  In all cases, 
when measured on intact cells, the activity was 60-70% of the total activity measured in 
extracts. This enzymatic assay of acid trehalase on intact cells was further validated by 
excluding the possible artifact of a release of intracellular glucose and of proteins caused by 
the presence of NaF in the enzymatic assays on intact cells. Thus these results altogether 
confirmed results from (Jules et al., 2004) that glucose measured in NaF-treated intact cells 
results from the cleavage of the disaccharide at the cell surface by an extracellular “acid 
trehalase” pool(Jules et al., 2004).  
Deletion of ATH1 encoding acid trehalase led to the lost of total Ath1 activity in these 
three strains, as well as the growth ability on trehalose of KT1112 and BY strains, while 
CEN.PK113-7D still could grew, albeit with a significant decline of growth rate. This 
residual, apparent less efficient growth, can be ascribed to the the Nth1-Agt1 pathway. On the 
other hand, we have shown that the growth rate of a BY strain could be significantly increased 
upon overexpressing of ATH1 from strong promoters. However, there was no good 
correlation with the extent of expression and that of enzyme activity, suggesting a strong 
limitation capacity at the translational machinery. In addition, higher Ath1 activity resulting 
for greater gene expression, lower was the proportion of Ath1 activity on intact cells as 
compared to total activity, indicating that the system excreting Ath1 was readily saturated 
when a big amount of protein was synthesized in a short time. Nevertheless, these results 
indicated that the assimilation of exogenous trehalose for cell growth mainly depends on 
Ath1. Besides, presence of substrate in the culture seems to favor the protein synthesis and 
probably targeting, but not in transcriptional level of gene expression. 
From a biochemical approach enzymatic assay, Jules et al. (2004)(Jules et al., 2004) 
raised the suggestion that Ath1 is localized in the periplasmic space or at the cell surface We 
further showed here that a significant activity of Ath1 was measured directly into the medium 
and that activity was unlikely due to cells lysis. As growth on trehalose would favor this 
release, this may be understood as good condition for this enzyme to encounter its substrate in 






9 Functional localization of Ath1 in Saccharomyces 
cerevisiae 
In the previous section, we have measured an extracellular Ath1 activity on intact cells 
in S.cerevisiae, which suggests the presence of Ath1 at the cell surface. This result was based 
on biochemical enzymatic assay. In this section, we will use cell biological tools, e.g. fusion 
of the fluorescent protein to Ath1 to get in vivo visualization of the localization of this enzyme. 
In addition, relationship between the function of this protein and its cellular localization was 
studied from a physiological point view. 
In a previous study, the localization of S. cerevisiae Ath1 was visualized by use of a 
pGFPATH1 construct that expressed a green fluorescent protein (GFP) fused to the N-
terminus of Ath1 under the strong TPI1 promoter (Huang et al., 2007). As a strong signal was 
exclusively observed in the vacuole, these authors concluded that Ath1 was strictly localized 
in the vacuole of S.cerevisiae. Following this finding, they further investigated the pathway to 
send this enzyme into the vacuole. In the light of our biochemical and enzymological data, 
these results were apparently contradictory, which asked for a complete re-examination of this 
localization following similar strategy, but taking into account that we had to be as close as 
possible the conditions in which Ath1 was functional for the yeast cells, namely for growth on 
trehalose. This latter parameter was not considered in the study of Huang et al. (2007). 
 
9.1 Fluorescent microscopy of Ath1 fusion protein 
We have also constructed a similar plasmid pGFP-ATH1 carring GFP fused to the 5’-
end of ATH1 whose expression is under the control of MET25 promoter, which will be 
induced in the absence of methionine. This plasmid was transformed in the S.cerevisiae 
BY4742 wild type cells. Cells containing this plasmid were grown in the YNB minimal 
medium in the absence of methionine, and were collected at the exponential phase to visualize 
Ath1 by fluorescent microscope. We obtained a comparable result as that previously reported 






Figure 33 Localization of GFP-Ath1 expressed under MET25 promoter and western blotting with anti-
GFP. Cells of BY4742 carring the plasmid pGFP-ATH1 were grown in YNB (methionine-) were collected on 
exponential phase and detected under fluorescent microscope (Excitation λ = 490nm); (B) Crude extract from 
BY4742 carring plasmid pGFP-ATH1 and wild BY4742 without transformation, treated (+) or not (-) with N-
deglycosylation, and were separated by SDS-PAGE migration. GFP fusion protein was detected by primary 
antibody mouse monoclonal anti-Green Fluorescent Protein and secondary antibody anti-mouse IgG. M = 
Molecular mass marker. 
 
However, Western blotting performed on extracts from cells expressing GFP-Ath1 by 
using primary antibody mouse monoclonal anti-Green Fluorescent Protein and secondary 
antibody anti-mouse IgG revealed a major band migrating at a position corresponding to ~30 
kDa, instead of band that should migrate at size above 150 kDa due to the sum of Ath1 and 
GFP (Ath1+GFP) (Figure 33B). Since it has been reported that Ath1 is glycosylated in 
S.cerevisiae (Mittenbuhler and Holzer, 1988), we treated the crude protein extract with 
endoglycosidase H (EndoH), which removes the glycosyl-chain from glycosylated-proteins. 
Again, the same band (~30 kDa) was detected in this sample. These results led us to propose 
that this detected band does not correspond to Ath1 but most likely to the GFP (~26kDa) 





this hypothesis, it has been already reported that targeting of GFP-fusion proteins to the 
vacuolar lumen leads to their degradation by vacuolar proteases. However, GFP itself is 
relative stable, leading to the accumulation of ~30 kDa GFP-containing proteolytic fragments, 
and to a sustained luminal vacuolar fluorescence (Leon et al., 2008). Note that a similar result 
was reported by Huang et al. (Huang et al., 2007), although they were also able to detect a 
band at > 150 kDa, which likely corresponded to the native GFP-Ath1.  
This proteolytic problem, coupled with the fact that over-expression strategy under a 
strong promoter has been reported to mislocalize some proteins into vacuoles (Roberts et al., 
1992), prompted us to re-examine the localization of Ath1 by changing our strategy for gene 
constructs. We modified the fusion position to GFP as well as how the fusion protein is 
expressed in the cells. On one hand, for most secreted proteins, generally their N-terminus 
bear the targeting information while C-terminal part constitutes the functional catalytic 
domain. Thus, we decided to fuse GFP to the C-terminal end of Ath1, with the idea that this 
might not at least intefer with the the targeting signal for Ath1. On the other hand, we decided 
to express Ath1 under its own promoter instead of a strong promoter, which may avoid 
protein mislocalization caused by overexpression, as this condition resembles to the natural 
physiological state of Ath1. Therefore, the corresponding ATH1-GFP gene fusion under the 
native promoter was generated by integrating GFP at the ATH1 locus by in vivo homologous 
recombination. The resulting Ath1-GFP protein chimera was functional as indicated by 
growth on trehalose of the transformed strain (data not shown). Therefore, it was grown in 
YN trehalose medium to exponential phase and cells were collected for GFP analysis by 
fluorescence microscopy. Under this condition, we were able to observe a green signal at the 
cell periphery, although most of the signal was still localized in the vacuole lumen (Figure 
34A). Similar results were obtained using the red fluorescent protein mCherry, which was 
also integrated at the ATH1 chromosomal locus using the same strategy. As shown in Figure 
34B., we also observed a strong red signal in the vacuolar compartment together with a 
clearly discernable signal at the cell periphery. These results indicated that Ath1 may have 
two localizations, one in the vacuole in agreement with previous work (Huang et al., 2007; 
Keller et al., 1982), and also another localization at the cell periphery, in accordance with its 





Figure 34 Localization of Ath1-GFP and Ath1-mCherry expressed under its own promoter. Cells of 
BY4741 with GFP (A) or mCherry (B) integrated at the 3’-end of ATH1 locus of chromosome were grown in the 
YN trehalose medium to exponential phase and were collected for fluorescence microscopy analysis. Excitation 
λ  was 490nm for GFP and 590nm for mCherry. 
 
We then verified the Ath1-mCherry fusion protein by Western-blot. Total proteins 
from crude extract of yeast cells expressing the chimeric protein were prepared as described 
in the experimental procedures, and were separated on SDS-PAGE. Western-blot using 
DsRed polyclonal antibody revealed a band at a size > 200 kDa (Figure 35), much higher than 
the expected size of 164kDa (Ath1 + mCherry). This difference was likely due to the 
glycosylation of this protein, which is known to yield to an apparent higher size on SDS-
PAGE (Mittenbuhler and Holzer, 1988). After treatment with endoglycosidase H that 
removed the chitobiose core of high mannose and some hybrid oligosaccharides from the 
glycoprotein, we could detect a band at around 65 kDa. However, the expected band at 164 
kDa (Ath1 + mCherry) was barely detected upon EndoH treatment. This result indicated that 
Ath1 still undergoes a severe proteolytic problem, even expressed under its own promoter. It 
could be proposed that the proteolytic problem may possibly occur in the vacuolar 
compartment since this compartment is well-known for protein degradation and amino acid 






Figure 35 Western blotting of Ath1-mCherry fusion protein. Total crude proteins from BY4741 ATH1-
mCherry and BY4741 without integration, before (-) and after (+) N-deglycosylation by EndoH, were extracted 
as described in the experimental procedures, proteins were separated by SDS-PAGE migration and mCherry 
fusion protein was detected by primary antibody rabbit living colors DsRed polyclonal antibody  and secondary 
antibody Goat anti- rabbit IgG. M = Molecular mass marker. Arrowhead: expected full-length fusion protein at 
165 kDa. Asterisk: degradation product. 
 
9.2 The internal invertase can be secreted by fusion to Ath1 
As an independent mean to support the localization of Ath1 at the cell periphery, we 
took advantage of the invertase secretion system. Invertase is a secreted protein with a 
classical signal peptide at its N-terminus (amino acids 1 to 19) for secretion at the cell 
periphery. Deletion of this signal peptide (suc2ic allele) prevents this secretion and results in 
accumulation of the truncated form of the enzyme in the cell, impairing the ability of S. 
cerevisiae to grow on sucrose or raffinose as the sole carbon source. In order to verify that 
Ath1 has a secretion property, we generated an in-frame fusion of full length ATH1 and suc2ic 
(pSC1-ATH1), leading to the chimeric Ath1-Suc2∆SP protein expressed under the ATH1 
promoter. This plasmid was transformed into a suc2∆ mutant SEY6210. As shown in Figure 
36, the suc2∆ mutant expressing this gene construct recovered growth on sucrose, like the 
positive control expressing the full length secreted invertase under its own promoter (pLC1), 
whereas suc2∆ mutant transformed with pSC1 lacking this signal peptide grew very poorly on 
sucrose, probably using some amino acids present in the medium (Figure 36). Consistently, 
cells transformed with pSC1-ATH1 also recovered invertase activity both in crude extract and 
on intact cells (Figure 37), albeit this activity was 5-times lower than that measured in suc2∆ 
mutant transformed with the ‘control’ pLC1. This difference could be due to the different 




Figure 36 Complementation test of S. cerevisiae SEY6210 strain (suc2∆ mutant) with Ath1-Suc2∆SP 
chimera. Transformant cells were grown in the YNB medium (without uracil to maintain plasmids) overnight to 
get to the exponential phase, and 3µl of each cultures were spoted in the YP sucrose (YPS) and YP glucose 
(YPD) agar plates. Plates were incubated at 30°C for 5 days. pSC1: negative control (invertase without signal 
peptide); pLC1: positive control (full-length invertase). PATH1: ATH1 promoter; PSUC2: SUC2 promoter. 
 
 
Figure 37 Invertase activity of S. cerevisiae SEY6210 strain (suc2∆ mutant) transformed with the Ath1-
Suc2∆SP constructs. The transformed cells were grown in YP sucrose medium until the stationary phase before 
measurement of invertase activity on intact cells and in crude extract as described in experimental procedures. 




To verify this hypothesis, we exchanged the ATH1 promoter in pSC1-ATH1 by the 
SUC2 promoter (same promoter in pLC1). This result was successfully realized by co-
transforming a SUC2 promoter PCR product and the linearized plasmid pSC1-ATH1 (opened 
in the region of ATH1 promoter) into yeast cell, which yielded to plasmid pSC1-PSUC2-
ATH1 by in vivo homologous recombination. The suc2∆ mutant transformed with this 
plasmid grew much better on sucrose than that with pSC1-ATH1 (Figure 36), which was 
correlated with a higher invertase activity which was very similar as in pLC1 (Figure 37). 
Since the invertase activity from pSC1-PSUC2-ATH1 measured on the intact cell was lower 
than that measured in strain expressing pLC1, this result may indicate that the secretion 
capacity related to “Ath1 protein” is not as efficient as that of signal peptide of Suc2. This can 
be due to the fact that the secretion signal in Ath1 is less efficient than that of the signal 
peptide of Suc2. Alternatively, this lower Suc2 activity could also be explained by the fact 
that part of the protein is also targetted into vacuole because the use of whole ATH1 sequence 
bears ‘signal’ to target the protein at both cell surface and vacuole. This question will be 
examined at a later stage in this work. 
 
9.3 Fusion of vacuolar signal peptide of Pep4 or Sga1 to Ath1 
We have observed by fluorescence microscopy that Ath1 was localized both at cell 
surface and in the vacuole in S.cerevisiae. In addition, internal invertase has been successfully 
secreted by fusion to Ath1. These results indicated that Ath1 has probably a secretion 
property, which further supported the cell surface localization of Ath1. To come back to the 
question of exogenous trehalose assimilation mechanism by S.cerevisiae cells, we were 
therefore wondering whether both of these two localizations of Ath1 can be functional to 
sustain growth on trehalose, as so far, we only provide evidence for growth associated to cell 
surface localization of this enzyme (Jules et al., 2004). We thus used a strategy to constrain 
Ath1 to either one of these two compartments, and checked their growth ability on trehalose. 
As illustrated in Table 2 in the Introduction, domain prediction using the SMART 
program (Letunic et al., 2009; Schultz et al., 2000) revealed a short 23 amino acid (aa) length 
transmembrane (TM) domain near the N-terminus, followed by three “glycosyl hydrolase” 
(GH) domains (aa 132 - 415, 474 - 845 and 849 - 904) that altogether may constitute the 
120 
 
catalytic domain of Ath1 (Parrou et al., 2005). This domain property lead us to prospect that 
secretion information of Ath1 probably focuses on the N-terminal domain.  
Taking this into account, we removed the N-terminal 100 aa (including the unique TM 
domain) of Ath1. This truncated protein (Ath1∆N) lost completely its activity, as well as the 
growth ability on trehalose of the strain bearing this Ath1∆N truncation. In addition, 
fluorescence microscopy of this truncated protein showed an exclusive vacuolar localization. 
These results will be thoroughly presented and discussed in the section below (section 8.3). 
Here, we first questioned why this Ath1∆N truncation is inactive which resulted in the growth 
defect on trehalose. Did this inability correspond to the lack of targeting signal which resulted 
in an improper process or maturation of protein?  
To bring answer to these questions, we added a vacuolar targeting signal peptide to 
this Ath1∆N truncation. The objective was to favor this protein truncation to further follow 
the processing and the maturation in ER and Golgi apparatus, and its targeting to the vacuole. 
In addition, it could also further force Ath1∆N to be targeted to the vacuole. To this end, we 
fused the signal peptide of the vacuolar protein Pep4 (Ammerer et al., 1986) or of the 
vacuolar amyloglucosidase Sga1 (Pugh et al., 1989) to the N-terminus of the truncated 
Ath1∆N variant. These two constructions were obtained by in vivo homologous 
recombination by replacing the catalytic domain of Pep4 or Sga1 by the catalytic core of Ath1 
(Figure 38). When ath1∆ mutant cells were transformed with these two plasmids, cells did 
recover acid trehalase activity in crude extract. This result indicated that Ath1∆N truncation 
has been successfully processed and matured due to the given signal peptide. However, 
ath1∆ cells transformed with either one of these two constructs did not recover the growth 





Figure 38 Construction of SPPEP4-ath1∆N and SPSGA1-ath1∆N chimeras. Schematic representation of 
PEP4, SGA1 and ATH1 nucleotide sequences with emphasis on their 5’-end that contain targeting information. 
Nucleotides 1-267 and 1-198 of PEP4 and SGA1, respectively, replaced nucleotides 1-300 of ATH1 to result in 
SPPEP4-ath1∆N and SPSGA1-ath1∆N chimera. 
 
In addition, we also verified the localization of these chimeric proteins. We further 
tagged these two chimeric proteins by mCherry in their C-terminus to obtain SPpep4-ath1∆N-
mCherry and SPsga1-ath1∆N-mCherry. The corresponding plasmids expressing these 
chimeric proteins were transformed into BY4741 wild type cells. Transformant cells were 
grown in YN trehalose to exponential phase and collected for microscopy. As shown in 
Figure 39, both SPPep4-Ath1∆N-mCherry (A) and SPSga1-Ath1∆N-mCherry (B) chimeric 
proteins were exclusively observed in the vacuole. Together with the inability to recover the 
growth ability of the ath1∆ mutant complemented with these two chimeric protein on 
trehalose, these results strongly indicated that the vacuolar pool of acid trehalase has no role 









Figure 39 Cellular localization of the Ath1 catalytic core fused to signal peptide of Pep4 (A) and Sga1 (B). 
BY4741 cells transformed with pSPPEP4-ath1∆N-mCherry and pSPSGA1-ath1∆N-mCherry were grown in YN 
trehalose medium. Exponential growing cells were collected for live cell microscopy. Excitation λ =590nm. 
 
9.4 Blocking the vacuolar targeting of Ath1 in vps4∆ mutant 
In the section above, we constructed chimeric proteins that constrained Ath1 to the 
vacuole, which led to a nonfunctional Ath1 for cell growth on exogenous trehalose. Since we 
could not exclude that these chimeric protein led to inactive trehalase forms, we wondered 
whether we could study the natural Ath1 form in some mutants that block the cell surface 
targeting while keeping vacuolar targeting capacity. However, we met a difficulty to this idea 
since we did not know how Ath1 was targeted to the cell surface. Since it is reported that 
Ath1 is sort to vacuole via the MVB pathway which involves vacuolar protein sorting (VPS) 
complex (Huang et al., 2007), we converse our idea to: what would be the effect of blocking 
the vacuolar targeting of Ath1?  Thus we used a mutant of the gene involved in the vacuolar 
sorting pathway, like VPS4 that encodes a protein implicated in the delivery of proteins from 
the pre-vacuolar compartment (PVC) to the vacuole lumen (Bryant and Stevens, 1998). We 
first tested the growth ability of this mutant on the medium with trehalose as the sole carbon 





than that of wild type (µ=0.02 vs 0.05). However, this slower growth was likely due to a 
partial respiratory defect associated to vps4 mutation (Steinmetz et al., 2002), and not to 
defect in Ath1 activity. As shown in Figure 40, the relative Ath1 activity between intact cells 
and crude extract was identical to wild type cells. 
 
Figure 40 Activity of Ath1 in vps4∆ mutant. Cells grown in YN trehalose medium to the exponential phase 
were collected for testing activity of acid trehalase on intact cells or in cell crude extracts. Histograms show the 
results of two independent experiments (mean ± SD). 
We further tagged mCherry to the 3’-end of ATH1 locus in this vps4∆ mutant. 
Expression of ATH1-mCherry was controlled under its endogenous promoter. As shown in 
Figure 41, the intracellular red fluorescent signal derived from Ath1-mCherry was totally 
mislocalized in a vps4∆ mutant, being completely excluded from the lumen of vacuole. 
However, the fluorescent signal at the cell periphery was still visible in this vps4∆ mutant. 
Taking these results together, we could conclude that Ath1 does not need to go to vacuole for 
its function, and vacuolar localization of Ath1 is also not necessary for cell growth on 
trehalose 
  
Figure 41 Localization of Ath1 in vps4∆ mutant. BY4741 vps4∆ expressing Ath1-mCherry were grown in YN 




The presence of Ath1-mCherry fusion protein was also monitored in this mutant using 
the anti-DsRed antibody. In the untreated extract, a band migrating at a size of ~200 kDa was 
relatively comparable in this mutant and in the wild type (data in Figure 35 and Figure 42 can 
be compared since similar amount of proteins were loaded). After EndoH treatment, the 
expected 164 kDa band was visible, whereas the abundance of 65kDa band was significantly 
reduced as compared to that in Figure 35 , indicating significantly decreased proteolysis of 
this protein when preventing vacuolar targeting. Altogether, these results confirmed that Ath1 
in the vacuole is likely prompted to partial degradation, and is not required for cell growth on 
trehalose.  
 
Figure 42 Immunoblot of Ath1-mCherry in vps4∆ mutant. vps4∆ cells expressing Ath1-mCherry were grown 
in YN trehalose medium to the exponential phase. Crude extract was prepared as described in the experimental 
procedures, and were separated by SDS-PAGE.  Immunoblot  was performed with primary antibody rabbit living 
colors DsRed polyclonal antibody and secondary antibody Goat anti- rabbit IgG. Extracted protein were treated 
without (-) and with (+) EndoH for deglycosylation. M = Molecular mass markers. Arrowhead: expected full-
length fusion protein at 165 kDa. Asterisk: degradation product. 
 
9.5 Study of Ath1 in pep4∆ mutant 
The S. cerevisiae vacuole contains numerous hydrolytic enzymes (Wiemken et al., 
1979). All vacuolar enzymes characterized thus far are glycoproteins that are synthesized as 
higher-molecular-weight zymogens. The best characterized vacuolar enzyme, 
carboxypeptidase Y (CPY), is synthesized as a 532 amino acid inactive precursor (Hasilik and 
Tanner, 1978). This CPY precursor (proCPY) is transported from the site of synthesis at the 
endoplasmic reticulum through the Golgi apparatus to the vacuole, where the protein is found 
as the 421 amino acid mature enzyme. Similarly, vacuolar proteinase A (PrA) and proteinase 
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B (PrB) are also synthesized as precursors that are about 10 kDa larger than the mature 
enzymes (Mechler et al., 1982). Therefore, it is likely that most vacuolar enzymes are 
synthesized with a propeptide. This propeptide may serve both as a sorting determinant and to 
keep the enzyme inactive during transport. It has been found that the activities of many 
vacuolar hydrolyases are dependent on the allelic state of the PEP4 locus (Hemmings et al., 
1981). Cells carrying the pleiotropic pep4-3 mutation lack CPY, PrA, PrB, vacuolar Rnase, 
nonspecific alkaline phosphatase, and aminopeptidase I activities (Hemmings et al., 1981; 
Trumbly and Bradley, 1983).  
In 1987, Harris and coworkers have published a result, showing that the acid trehalase 
activity was four times lower in a pep4∆ mutant than in a wild type, although this mutant 
grew as well as that of wild type strain on trehalose medium. Together with the consideration 
of the localization of Ath1 in the vacuole at that moment, these authors proposed that Ath1 
had to be processed by PrA (protein product encoded by PEP4) in the vacuolar in order to 
have a matured functional form, in a manner similar to other vacuolar enzymes in S.cerevisiae 
(Harris and Cotter, 1987). 
The results that we have found in the previous section showed that Ath1 does not need 
to go to vacuole for its function. And also vacuole is not the essential destination for Ath1 to 
play its role on exogenous trehalose assimilation for cell growth. Thus it could be difficult to 
explain why and how Ath1 should be processed by the vacuolar proteinase for a matured 
form. Therefore, we retested the growth ability on trehalose medium of pep4 mutant and also 
Ath1 activity in this mutant which is from the Yeast Knock-Out System collection (YKO 
MATa Strain Collection, Open Biosystems, No. YSC1053) with the background of BY 
family. 
Similar as the result of Harris and Cotter (Harris and Cotter, 1987), we found that this 
mutant grew with the same growth rate as that of wild type cells. It is worth to note that, in the 
background of BY family, the Nth1-Agt1 pathway is unable to function since expression of 
Agt1 transporter could not be induced. Therefore the cells had only the Ath1 pathway to 
hydrolyse exogenous trehalose for cell growth. We further measured Ath1 activity in this 
mutant, and found that there was no significant difference between this mutant and wild type 
cells (Figure 43). Altogher, these results indicate that function of Ath1 does not depend on the 
the proteolysis of Pep4. This result seems to exclude Ath1 from being a vacuolar proteins 
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processed by Pep4 product, and also further supports our conclusion that vacuole is not the 
functional localization of Ath1.  
 
Figure 43 Ath1 activity in pep4∆ mutant. pep4∆ Cells were grown in YPD medium for 3 days to reach 
stationary phase, and were collected for Ath1 activity test both in crude extract and on intact cells. 
 
However, in our previous results, we have detected an intense band at 65kDa on 
western-blot of Ath1-mCherry fusion protein. This result suggested that Ath1 was proned to 
proteolysis. In addition, preventing Ath1 out of the vacuole in the vps4∆ mutant resulted in a 
reduced proteolysis problem, which suggested that vacuolar localization of Ath1 is more 
susceptible for proteolysis. Since PrA has an activity of aspartyl endo-proteinase, it also plays 
a role in the protein degradation besides the function of being a hydrolase precursor in the 
vacuole. Therefore we questioned whether Pep4 would be the responsible proteinase for this 
degradation of Ath1. To this end, we constructed pATH1-mCherry which carries ATH1-
mCherry in the centromeric plasmid YCplac33, and transformed into pep4∆ mutant. 
Transformant strain was grown in YN trehalose medium to exponential phase. Cells were 
collected for fluorescence microscopy to verify the localization of the fusion protein. In 
Figure 44, we could see a significant signal in the vacuole, with a very weak signal at the cell 
surface (just above the background). This cell surface signal was much weaker than in our 
previous result (see Figure 34), indicating that there was less Ath1 was targeted to the cell 
surface in this strain. This difference may due to the existence of the endogenous ATH1 copy 
in the chromosome, whose expression may ‘dilute’ the total pool of Ath1, and so reduce the 




Figure 44 localization of Ath1 in pep4∆ mutant. pep4∆ mutant Cells bearing plasmid pATH1-mCherry were 
grown in YN trehalose medium to the exponential phase and were collected for live cell microscopy. Excitation 
λ =590nm for microscopy 
 
Western-blot was carried out on the protein extract of this culture, and anti-body anti-
DsRed still recognized a band at about 65kDa after the treatment of EndoH (Figure 45). This 
result indicates that proteolysis of Ath1 has still occurred, which was probably independent to 
PrA. It could be proposed that several other proteinases or peptidases may be involved in this 
proteolysis, such as proteinase B (PrB, encoded by PRB1), carboxypeptidease Y (CpY, 
encoded by PRC1), carboxypeptidase S (CpS, encoded by CPS1) and so on. 
 
Figure 45 Immunoblot of Ath1-mCherry in pep4∆ mutant. pep4∆ cells expressing Ath1-mCherry were 
grown in YN trehalose medium to the exponential phase. Crude extract was prepared as described in the 
experimental procedures, and were separated by SDS-PAGE.  Immunoblot  was performed with primary 
antibody rabbit living colors DsRed polyclonal antibody and secondary antibody Goat anti- rabbit IgG. Extracted 
protein were treated without (-) and with (+) EndoH for deglycosylation. M = Molecular mass markers. 
Arrowhead: expected full-length fusion protein at 165 kDa. Asterisk: degradation product at 65 kDa. 
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9.6 Fusion signal peptide of invertase to Ath1 catalytic domain 
In the previous sections, we have excluded the function of the vacuolar Ath1 for 
exogenous trehalose assimilation, we consequently come to the question of the function of 
Ath1 localized at the cell surface. To this end, we still took advantage of the Ath1∆N truncate, 
and asked whether targeting this Ath1∆N to cell periphery could restore its activity, and allow 
the cell growth on trehalose. We thus made use of invertase secretion property by fusing the 
signal peptide of this protein to the N-terminus of the Ath1∆N (Figure 46). This construct was 
realized by replacing the catalytic domain of Suc2 (corresponding nucleotide 112-1602) with 
the catalytic core of Ath1 (corresponding nucleotide 301-3636) by in vivo homologous 
recombination.  
 
Figure 46 Construction of SPSUC2-ath1∆N chimera. Schematic representation of SUC2 and ATH1 nucleotide 
sequences with emphasis on their 5’-end that contain targeting information. Nucleotides 1-111 of SUC2 replaced 
nucleotides 1-300 of ATH1 to get SPSUC2-ath1∆N chimera. 
 
The constructed plasmid pSPSUC2-ath1∆N was then transformed into ath1∆ mutant 
cell. This plasmid did allow recovering the growth ability on trehalose. Moreover, the ath1∆ 
mutant strain bearing this plasmid grew about two times faster than wild type BY4741 strain 
on synthetic trehalose medium (µ = 0.10 vs 0.05) (Figure 47). We further measured the acid 
trehalase activity and found that adding this Suc2 signal peptide to the Ath1∆N protein 
variant recovered its catalytic activity both in the crude extract and on the intact cell (Figure 
48). From this figure, we also see that the activity on the intact cell is about 2 times higher 
than that of WT (measured in both intact and crude extract), which indicated that the signal 
peptide of Suc2 may have a stronger capacity to send proteins to the cell surface. It is also 
found that this increasing capacity of targeting Ath1 to the cell surface allowed a much better 




Figure 47 Growth complementation of the ath1∆ mutant strain on trehalose. After a preculture on a 
selective YN glucose medium, the BY4741 ath1∆ mutant strain expressing the domain of Ath1 from aa 301 to 
1211 fused to signal sequence of Suc2, Pep4 and Sga1, respectively, were transferred in YN trehalose medium to 
evaluate growth complementation. WT: positive control; ath1∆: negative control. 
 
 
Figure 48 Acid trehalase activity of ath1∆ mutant cells expressing SPsuc2-ath1∆N constructs. BY4741 
ath1∆ mutant strain transformed with gene construct expressing SPsuc2-ath1∆N variant bearing the domain of 
Ath1 from aa 301 to 1211 fused to signal sequence of Suc2, was grown in YN glucose (give the fact that the 
medium lack the amino acid that makes the selection)  to late exponential phase (OD600 ~ 8). The cells were then 
collected and transferred to YPD medium until stationary phase (OD600 ~ 20) to allow ATH1 derepression. Acid 
trehalase activity was measured on intact cells and in crude extracts as described in experimental procedures. 
Histograms show the results of two independent experiments (mean ± standard deviation). 
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Localization of this hybrid protein was verified by a C-terminal fusion to mCherry. 
This corresponding gene fusion was carried out also by in vivo homologous recombination. 
This recombined plasmid was then transformed to BY4741 wild type cells. Transformant cells 
were grown in YN trehalose to exponential phase and collected for microscopy. Setting our 
exposure time as in Figure 34B, we found that the intensity of fluorescent signal at the cell 
periphery was significantly higher than that of the full length Ath1-mCherry protein (compare 
Figure 49 and Figure 34B), which was consistent with the enzymatic activity determined on 
the intact cell. However, the bulk of the fluorescent signal still resided in the vacuolar 
compartment, which could lead us to propose that the catalytic domain of Ath1 contains some 
targeting signal to the vacuole.  
  
Figure 49 Cellular localization of the Ath1 catalytic core fused to signal peptide of Suc2. BY4741 cells were 
transformed with pSPSUC2-ath1∆N-mCherry and grown in YN trehalose medium. Exponential growing cells 
were collected for live cell microscopy. Excitation λ =590nm. 
 
We then verified this SPsuc2-Ath1∆N-mCherry fusion protein by Western-blot using 
DsRed polyclonal antibody. As for the result of Ath1-mCherry, this analysis revealed a band 
at a size > 200 kDa with the anti-DsRed antibody before treating with EndoH. After the 
treatment with EndoH, we found a 65kDa proteolytic fragment that was already obtained with 
the Ath1-mCherry fusion protein (Figure 35), but also a clearly detectable band corresponding 
to SPSuc2-Ath1∆N-mCherry chimeric protein (173 kDa, Figure 50), indicating that a higher 
amount of Ath1 existing in these cells.  This result may be due to Suc2 signal peptide which is 
more efficient for secretion than the endogenous secretion sequence of ATH1. We could also 




Figure 50 Immunoblot of SPSuc2-Ath1∆N-mCherry. BY4741 cells expressing SPSuc2-Ath1∆N-mCherry 
were grown in YN trehalose medium to the exponential phase. Crude extract was prepared as described in the 
experimental procedures, and were immunoblotted with primary antibody rabbit living colors DsRed polyclonal 
antibody  and secondary antibody Goat anti- rabbit IgG. Extracted protein were treated without (-) and with (+) 
EndoH for deglycosylation. WT: negative control, BY4741 without transformation. M = Molecular mass 
markers. Arrowhead: expected full-length fusion protein at 173 kDa. Asterisk: degradation product. 
 
9.7 Discussion 
Ath1 is also found at the cell surface 
Controversy concerning the localization of Ath1 has been raised in two recent papers. 
In our previous study, we suggested a localization of Ath1 at the cell surface based on 
enzymatic data as most of the Ath1 activity could be measured on intact cells (Jules et al., 
2004), in a similar manner as for the secreted invertase (Silveira et al., 1996). On the contrary, 
Huang et al (Huang et al., 2007) provided several arguments for a strict vacuolar localization 
of Ath1. Here, we used two independent methodologies, namely fluorescence microscopy and 
gene fusion to invertase, which together provided evidence that Ath1 is also targeted to the 
cell surface. Using the GFP or the red fluorescent protein mCherry fused to the C-terminus of 
Ath1, we clearly observed a localization of Ath1 at the cell periphery, although the bulk 
fluorescent signal was still seen in the vacuole. A possible reason for the failure of Huang et 
al. to find Ath1 at the cell periphery could be that these authors used a GFP-Ath1 construct 
that was expressed from the strong constitutive TPI1 promoter, as we obtained similar results 
using GFP-Ath1 expressed from another strong MET25 promoter. On the other hand, we 
examined the localization of Ath1 in cells expressing either Ath1-GFP or Ath1-mCherry 
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grown on trehalose, whereas Huang et al. investigated this localization problem using 
exponentially growing cells on glucose. It can be proposed that the correct localization of 
Ath1 is dependent on the substrate (in this case, trehalose), as it was shown for the control of 
Fur4 permease by uracile (Blondel et al., 2004). When expressed under its own promoter as in 
our study, ATH1 is repressed by glucose (San Miguel and Arguelles, 1994) and the 
localization of Ath1 can only be examined in stationary phase. Thus, the use of a glucose 
medium to study the Ath1 localization can be cautioned since it is not physiologically relevant 
for this protein. The second evidence for a cell surface localization of Ath1 was obtained by 
showing that expression of Ath1-Suc2 protein fusion allowed recovering suc2∆ mutant to 
grow on sucrose, indicating that the full-length Ath1 protein was able to drive the yeast 
internal invertase to the cell surface.  
The cell surface localization accounts for growth on trehalose 
It is known that Ath1 hydrolyzes the exogenous trehalose to grow on this carbon 
source. Based on an exclusive vacuolar localization of this protein, two models have been 
proposed (Nwaka and Holzer, 1998). The first model suggested that Ath1 is transported to the 
plasma membrane where it binds to trehalose located at the cell surface and then both 
trehalose and trehalase are internalized by endocytosis into the vacuole where the hydrolysis 
takes place. The second model considered that trehalose alone is delivered to the vacuole by 
endocytosis where it is hydrolyzed by the resident Ath1. However, this model calls for the 
identification of a trehalose endocytosis process that is quite difficult to reconcile with the fact 
that mono and disaccharides enter the cell by sugar permeases (Wieczorke et al., 1999), and 
that yeast cells possess a high affinity trehalose transporter encoded by AGT1 (Plourde-Owobi 
et al., 1999). Instead, we provided arguments that support a more simple model (Jules et al., 
2004), in which trehalose can be assimilated by either a Agt1-Nth1 pathway implicating the 
uptake and the intracellular hydrolysis by neutral trehalase or by a direct cell surface 
hydrolysis of trehalose by the extracellular acid trehalase encoded by ATH1 into glucose, 
which is thereafter taken up by the cells. The former only function in MAL positive strain such 
as CEN.PK background since expression of AGT1 is MAL-dependent. Since the sequenced 
BY4741 strain is mal negative, the assimilation of exogenous trehalose can only rely on the 
Ath1 - dependent pathway. Moreover, this model is coherent with what has been shown for 
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fungal and plant acid trehalases that are all localized at the cell surface or cell wall (Parrou et 
al., 2005).  
In addition to these data, other results further supported this model. Firstly, 
constraining acid trehalase into the vacuole by replacing its 100 aa N-terminal fragment with 
the signal sequence of the vacuolar Pep4 (Ammerer et al., 1986) or Sga1 (Pugh et al., 1989), 
proteins known to be specifically targeted to the vacuole, prevented growth on trehalose. 
Secondly, the impairment of Ath1 delivery to the vacuole using vps4∆ mutants defective in 
the intracellular vacuolar targeting pathway did abrogate neither growth on trehalose nor the 
activity of Ath1 on intact cells. Finally, we have shown that the activity of Ath1 is 
independent of the vacuolar proteinase A, which is a hydrolase precursor for most vacuolar 
soluble enzymes. 
Although Ath1 is present at the cell periphery, our data together with those from 
Huang et al. showed an apparent huge accumulation of this protein in the vacuole, as 
monitored by fluorescence acquisition from GFP or mCherry tagged protein. However, this 
result contrasted with enzymatic data showing that Ath1 activity measured in crude extract 
was only 20 - 40 % higher than that measured on intact cells. An explanation for this 
discrepancy can be found from Western blot analysis in which the full-length Ath1 fused to 
reporter mCherry was barely detected while a partially proteolysed Ath1 fragment was 
predominantly observed. Also, the use of a vps4∆ strain impaired Ath1 delivery to the vacuole 
and significantly reduced its proteolysis. However mutation of PEP4, which encodes 
Proteinase A bearing an activity of aspartyl endo-proteinase and also plays a role in the 
protein degradation in the vacuole, could not diminish the proteolysis problem. To 
summarize, these results demonstrated that the vacuole is not the obligate functional 
destination for Ath1, and that partial proteolysis of Ath1 could take place in this subcellular 
compartment, independently of PrA. In contrast, targeting of this enzyme at the cell surface is 







10 Search for the domain of Ath1 that is needed for its cell 
surface targeting 
In the section above, we showed that Ath1 has a functional localization at the cell 
surface. In addition, full length Ath1-invertase fusion protein was targeted at the cell surface, 
suggesting the existence of secretion determinants in Ath1 sequence. Therefore in this section, 
we will identify the protein domain that is important for targeting Ath1 to the cell surface. As 
already illustrated in the preceeding section, domain prediction (Letunic et al., 2009; Schultz 
et al., 2000) revealed a short 23aa length transmembrane (TM) domain near the N-terminus 
and three “glycosyl hydrolase” (GH) domains (aa 132 - 415, 474 - 845 and 849 - 904) that 
together may constitute the catalytic domain of Ath1 (Parrou et al., 2005) (Figure 51). This 
domain profile raise the question about the potential secretory domain of Ath1. 
 
 
Figure 51 Ath1 predicted functional domain by the SMART program. Theoretical glycosylation sites 
(yellow triangles); N-terminal transmembrane segment (TM); N-term (GH_65N), central (GH_65m) and C-term 
(GH_65C) domains from the CAZy Glycoside Hydrolase family 65.The latter three domains likely constitute the 
catalytic core of trehalase. 
 
10.1 Identification of the minimal domain of Ath1 sufficient for 
cell surface targeting 
To map the minimal domain of Ath1 that allows the secretion of this protein, DNA 
fragments containing various length of ATH1 were fused in frame to the suc2ic allele (Figure 
52A). A series of plasmids, namely pSC1-N that expressed a chimeric protein bearing the first 
131 N-terminal amino acids of Ath1 fused to internal invertase, pSC1-TM expressing a 
protein that corresponded to the first 69 amino acids of Ath1(including the TM domain) fused 
to internal invertase, and pSC1-tm that expressed only the first 46 amino acids of Ath1 
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(excluding the TM) domain fused to internal invertase, were introduced into the suc2∆ mutant 
(SEY6210 background). Expression of these constructions was under the control of ATH1 
promoter. Transformants were tested for both growth recovery on sucrose (Figure 52B) and 
for invertase activity (Figure 53).  
Transformant cells were first grown in selective YN glucose liquid medium for 
plasmid maintenance overnight up to exponential phase, and 3µl of each culture was loaded 
on the YP sucrose (complementation test) or glucose (control) agar plate. After 5 days of 
growth on the plates at 30°C, suc2∆ mutant cells transformed with pSC1-N or pSC1-TM were 
able to grow on YP sucrose as readily as pSC1-ATH1, whereas cells transformed with pSC1-
tm poorly grew on sucrose like cells bearing the negative control pSC1 (Figure 52B). 
 
Figure 52 Complementation of the S. cerevisiae SEY6210 strain (suc2∆ mutant) with different Ath1-
invertase chimera. (A) Schematic representation of the different gene fusion constructs. pSC1: negative control 
(invertase without signal peptide); pLC1: positive control (full-length invertase); for the remaining constructs, 
the Suc2 signal peptide has been replaced by full-length ATH1 sequence (pSC1-ATH1) or N-terminal sequence 
variants of ATH1 with decreasing size; (B) growth on YP medium with sucrose (complementation test) or 
glucose (control) for 5 days. 
 
Invertase activity was measured on intact cells and crude extracts from suc2∆ mutant 
transformed with these various constructs, and compared to growth efficiency on sucrose 
137 
 
(Figure 52 & Figure 53). These transformed cells were grown in YP sucrose liquid medium 
collected in late exponential phase for invertase activity assay. Cells transformed with pSC1-
N presented an activity nearly two-fold higher than that in cells expressing a fusion protein 
bearing the full length Ath1 (pSC1-ATH1). An explanation might be that the full length Ath1 
fused to internal invertase somehow impairs the folding of invertase domain and/or the 
catalytic efficiency on its substrate. In spite of this difference, as for pSC1-ATH1, the activity 
measured on intact cells was comparable to that measured in cell extract, and both 
transformed cells exhibited similar qualitative growth on sucrose. The activity measured on 
intact cells from cells expressing pSC1-TM was four times lower than that in the crude 
extract, and it was two to four times lower than on intact cells transformed with pSC1-ATH1 
and pSC1-N. Bearing this low activity, the pSC1-TM transformed cells were found to grow 
on sucrose slightly slower than cells transformed with pSC1-ATH1 (on the agar plate). 
Further deletion at the N-terminus (i.e. with pSC1-tm) resulted in a residual invertase activity 
in crude extract, together with the inability to grow on sucrose. Taken together, these results 
showed that a minimal fragment of 69 amino acids encompassing the unique TM domain of 
Ath1 was necessary to promote correct expression of the internal invertase, but was not 
sufficient for efficient protein secretion, which was achieved with a 131 aa N-terminus of 
Ath1. 
 
Figure 53 Invertase activity in the S. cerevisiae SEY6210 strain (suc2∆ mutant) transformed with the 
various Ath1-invertase constructs. The constructs are those shown in Figure 52. The transformed cells were 
grown in YP sucrose medium until the stationary phase before measurement of invertase activity on intact cells 
and in crude extract as described in experimental procedures. Histograms show the results of two independent 
experiments (mean ± standard deviation). 
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10.2 N-terminal domain of Ath1 fusion to mCherry  
Since the 131 amino acids N-terminus of Ath1 appeared to be sufficient for invertase 
secretion, we further investigated the targeting properties of this fragment by using a mCherry 
fusion that was expressed under the control of ATH1 promoter (pN-mCherry). This 
construction was realized by replacing the suc2ic allele by the cassette of mCherry by 
homologous recombination in vivo. Recombinated plasmid (pN-mCherry) was transformed to 
BY4741 wild type cells, and transformant cells were then grown in the YN trehalose medium 
to exponential phase for microscopy analysis. Figure 54 shows a fluorescent signal both at the 
cell periphery and in the vacuole, similarly to what was observed using full length Ath1 fused 
to mCherry (compare Figure 54 and Figure 34 B). This result confirmed that the N-terminal 
part of Ath1 not only leads to protein targeting to the vacuole, but contains also sequence 
determinants that allow protein secretion to the cell surface. 
  
Figure 54 N-terminal domain of Ath1 can lead mCherry at the cell periphery and also to the vacuole. Live 
cell microscopy of exponential growing cells in YN trehalose medium of the BY4741 strain transformed with 
pN-mCherry. Excitation λ =590nm for microscopy. 
 
10.3 Deletion of the N-terminal domain of Ath1 
Since the N-terminal domain contains the targeting information of Ath1, we were 
wondering about the consequence of deleting this domain in Ath1. Considering that it is more 
convenient to construct this truncate in plasmid than in the chromosome, we decided to take 
advantage of the centromeric plasmid YCplac33, whose expression could be comparable to 
that of chromosome. We first cloned the coding region of ATH1 (with its own promoter and 
terminator) into YCplac33 to obtain pATH1. We verified that a BY ath1∆ mutant transformed 
with this plasmid carrying the wild type ATH1 gene recovered wild type characteristics, i.e. 
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growth on trehalose as the sole carbon source (not shown), and acid trehalase activity in both 
intact cells and cell crude extracts (Figure 55). Then we successfully deleted the 5’-end 300 
nucleotides (correspond to the N-terminal 100 aa) by two step recombinant PCR mediated 
gene deletion procedure (Pont-Kingdon, 1994). This plasmid carrying an Ath1∆N truncation 
was transformed into ath1∆ mutant cells for complementation test. We found that this 
transformant could not grow on trehalose (data not shown) and had no Ath1 activity (Figure 
55).  
 
Figure 55 Acid trehalase activity of ath1∆ mutant cells expressing various ATH1 constructs. The BY4741 
ath1∆ mutant strain transformed with gene constructs expressing different Ath1 variants was grown in YN 
glucose to late exponential phase (OD600 ~ 8) with plasmid selection. The cells were then collected and 
transferred to YPD medium until stationary phase (OD600 ~ 20) to allow ATH1 derepression. Acid trehalase 
activity was measured on intact cells and in crude extracts as described in experimental procedures. Histograms 
show the results of two independent experiments (mean ± standard deviation). 
 
We thus here analyzed the consequence of this deletion on protein localization. We 
further tagged this Ath1∆N with mCherry at its C-terminus by homologous recombination in 
vivo. When expressed in a wild type strain grown on trehalose, the Ath1∆N-mCherry fusion 
protein led to fluorescent signal exclusively in the vacuole (Figure 56). No discernable signal 
could be detected at the cell periphery, even after 10-fold longer exposure times. From these 
data, we could confirm that this N-terminal fragment contains important information for cell 
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surface targeting, and this suggests that there might be vacuolar targeting determinants in the 
catalytic domain, as in the case of acid phosphatase (Haguenauer-Tsapis, 1992). 
  
Figure 56 N-terminal domain of Ath1 is needed for localization of mCherry at the cell surface. Live cell 
microscopy of exponential growing cells in YN trehalose medium of the BY4741 strain transformed with 
path1∆N-mCherry. Excitation λ =590nm for microscopy. 
 
10.4 Function of TM domain of Ath1 
Previous works indicated that the short transmembrane (TM) domain contained 
sufficient signaling information to deliver Ath1 to the vacuole through the MVB pathway 
(Huang et al., 2007). As already observed when studying invertase fusions, the requirement of 
a minimal N-terminal fragment encompassing the transmembrane domain (TM) pointed out 
the importance of this domain in protein expression and secretion (see the minimal construct 
pSC1-tm in Figure 52 and Figure 53). We confirmed this statement by studying pSC1-
ath1∆TM and pSC1-N∆TM, in which the TM domain was specifically deleted in the full-
length ATH1-Suc2ic gene fusion and in its truncated N-Suc2ic variant, respectively. When 
transformed in the suc2∆ mutant, these constructs did not allow restoring growth on sucrose 




Figure 57 Deletion of TM domain in Ath1-invertase chimera lead to growth defect of Suc2 mutant 
complemented with this chimera protein. Left: Schematic view of chimera proteins Ath1∆TM-invertase and 
N∆TM-invertase, respectively; Right: complementation tests of Suc2∆ mutant by these two constructions on YP 
sucrose agar for 5 days, and invertase activity (IA). 
 
Similarly as for the construction of path1∆N, another ath1 truncate version 
path1∆TM was created also by two-step recombinant PCR method. The BYath1∆ mutant was 
used as a recipient strain for functional complementation by various Ath1 constructs, the 
centromeric plasmid path1∆TM, which expressed an Ath1 protein lacking the TM domain, 
was neither able to complement growth deficiency of this mutant on trehalose, nor to yield 
measurable Ath1 activity in this strain (see preceeding Figure 55). In the result above, we 
have shown that N-terminal 131 aa could lead mCherry both to the cell surface and to the 
vacuole. Here, we deleted the TM domain in this construction to see the consequence on 
protein targeting. As shown in Figure 58, the fluorescence in exponential growing cells 
expressing pN∆TM-mCherry was observed in cytoplasmic patches distinct from the vacuole 
and cell surface. 
  
Figure 58 N∆TM-mCherry mislocalized in the yeast cell. BY4741 cells transformed with plasmid pN∆TM-




The absence of Ath1 activity in crude extracts when TM was deleted from the protein 
prompted us to verify whether the removal of this short TM domain may lead to loss of the 
protein. For this purpose, Ath1 and its ath1∆TM variant were tagged with 3HA at their N-
terminus by two rounds of two-step recombinant PCR method. The ath1 mutant transformed 
with pHA-ATH1 expressing the HA-Ath1 fusion protein recovered growth on trehalose, 
although the chimeric protein could not be detected by western blotting, probably because of 
its very low expression level. We therefore replaced ATH1 promoter by the strong, inducible 
GAL1 promoter, leading to very high Ath1 activity in cells transformed with pPGAL1-HA-
ATH1 (see preceeding result Figure 30). In contrast, no activity was measured in cells 
transformed with pPGAL1-HA-ath1∆TM, whereas the gene construct was expressed.  
These results were confirmed by western blot. This experiment revealed a band at 
about 130 kDa (wild type Ath1) after EndoH treatment of protein extracts from cells 
expressing pPGAL1-HA-ATH1, while no band was detected when the TM domain was 
missing in the protein (Figure 59). Altogether, these results supported the idea that the 
absence of the TM domain may lead to deficiency in protein production, which likely 
occurred during the early steps of ER protein synthesis and/or during folding. 
 
 
Figure 59 Western-blot of HA-Ath1∆TM protein. The HA-ATH1 or HA-ATH1∆TM gene constructs 
expressing the Ath1 with or without the TM sequence tagged with HA under GAL1 promoter were transformed 
into ath1∆ mutant grown in YN galactose. EndoH treated crude extracts were immunoblotted with the anti-HA 







TM domain is necessary for protein expression and stability of Ath1 
The finding that Ath1 could be targeted at the cell periphery raised the question about 
secretion determinants since domain predicting tools did not identify any sequence feature 
that may explain Ath1 intracellular trafficking. Klionsky and coworkers (Huang et al., 2007) 
showed that the short transmembrane (TM) domain located at the N-terminus of Ath1 
contained sufficient information to deliver Ath1 to the vacuole through the MVB pathway. 
They reached this conclusion by constructing a chimeric protein in which only the 
transmembrane domain was fused to GFP. And then this chimera construct was exclusively 
found in the vacuole. Alternatively to this approach, we specifically removed the unique TM 
domain from full-length Ath1 or from the 131 amino acids N-terminal fragment fused to 
Suc2, and found that the absence of this TM domain abrogated activity of invertase and 
growth on sucrose. More remarkably, the removal of TM in Ath1 led to the complete loss of 
enzyme activity, as well as the inability of detecting HA-Ath1∆TM construct by anti-HA 
antibody. Together with the mislocalization of N∆TM-mCherry chimera in cytosolic patchy 
bodies, whose origin is at the moment unknown, the TM domain is suggested to have a 
critical function in the translation and/or the stabilization of Ath1 during early steps of 
secretion. 
 
N-terminal 131 aa contains sufficient secretion information of Ath1 
As indicated by our Ath1-invertase hybrid protein, a 131 amino acids N-terminal 
fragment was necessary to recover normal secretion of invertase, whereas reducing this N-
terminal fragment to only 69 amino acids decreased both secretion and activity of invertase at 
the cell surface. These result indicated that the region between amino acids 69 (after the TM 
domain) and 131 of Ath1 protein sequence probably contains important information for the 
correct targeting of Ath1 to the cell surface. Taking this result together with those using the 
reporter protein mCherry, i.e. N-mCherry was targeted both to the vacuole and cell surface, it 
could be concluded that this N-terminal domain contains sufficient secretion information of 
Ath1, not only to cell surface, but also to the vacuole. Besides, deletion of N-terminal domain 
results in an exclusive vacuolar localization of Ath1, which demonstrated that the catalytic 
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domain of Ath1 also contains some vacuolar targeting information, or else this truncated 
protein without secretion information has no other choice to be sent to the vacuole for 
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11 Revisiting targeting mechanism of Ath1 to the vacuole 
In the preceeding sections, we have provided evidence that Ath1 is found both in the 
vacuole and at the cell surface. However, we demonstrated that only the localization at the 
cell surface is compatible with exogenous trehalose assimilation, whereas the vacuolar Ath1 
does not deserve at this stage of our knowledge any physiological function. In addition, our 
results using the system of internal invertase system or mCherry fusion indicate that the N-
terminal 131 aa allows for the secretion of this protein, although this domain does not harbour 
any sequence consensus for such a localization.  
In this section, we have addressed two questions.  
(i) what is the secretory pathway for targeting Ath1 to cell surface? Functional cell 
surface localization of Ath1 raised the question of the secretory pathway used by this protein 
to reach its destination. Most secretory proteins are secreted via the classical secretory 
pathway. In the absence of a classical secretory signal peptide in Ath1, could this protein be 
secreted via this well-estabilished system? Or otherwise is its secretion totally independent of 
this pathway? 
(ii) how Ath1 is sent to vacuole. Although we have shown that the localization of 
Ath1 required for growth on trehalose is at cell surface, a huge amount of fluorescent signal 
was observed in the vacuole. It was therefore interesting to further characterize the 
mechanism that sent this protein to this cellular compartment. As we known, the targeting 
pathway from Trans-Golgi network to vacuole has two possibilities (Figure 60): (i) the protein 
could be intracellularly targeted to the vacuole directly, and in most case this targeting is via a 
prevacuolar compartment (PVC) or multi-vesicular body (MVB). This pathway could be 
named PVC/MVB pathway or (ii) the protein might be first secreted to the cell surface and 
then retrieved to the vacuole by endocytosis. As for the first pathway, the endosome 
containing the endocytosed proteins will be first fused to prevacuolar compartment (PVC) 
before reaching the vacuole ultimately. So it could be called endocytosis/PVC pathway. 
Huang et al (2008) have shown that Ath1 was targeted to the vacuole via the first pathway. 
This work was based on studying Ath1 after overexpression of its corresponding gene under 
non-physiological condition for Ath1 function (growth on glucose). Here, we would like to 





Figure 60 Vacuolar sorting pathway and involve proteins. 
 
11.1 Intracellular Golgi to vacuole pathway 
In the previous section, we already showed that Vps4, one of the VPS sorting family 
proteins, plays an important role in the vacuolar destination of Ath1. Ath1 was completely 
blocked out of the vacuole in mutant defective for Vps4. This protein is implicated in the 
maturation of PVC/MVB, especially in the endocytosis processus of prevacuolar membrane 
proteins. Therefore, vacuolar sorting of Ath1 could not be distinguished between the two 
pathways of vacuolar targeting by a loss of function of this protein. In order to know the exact 
pathway of this targeting, another vps mutant vps1∆ was used. Vps1 is implicated in transport 
of proteins from the late Golgi to PVC. Therefore, loss of function of this protein should 
block the intracellular vacuolar targeting pathway (PVC/MVB pathway), but not the one that 
takes place via plasma membrane and is then followed by endocytosis (endocytosis/PVC 
pathway). 
Plasmid pATH1-mCherry expressing C-terminal mCherry fusion to Ath1 under its 
native promoter was transformed into a vps1∆ mutant to determine its localization. 
Transformant cells were grown in trehalose medium to exponential phase and collected for 
microscopy analysis. Figure 61 shows that Ath1 was still found at the cell surface while it was 
completely blocked out of the vacuole. This result indicates that Vps1 functions in the 
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vacuolar targeting pathway of Ath1, thus suporting the notion that the vacuolar localization of 
Ath1 is through the PVC/MVB pathway, in agreement with Huang et al.  
  
Figure 61 Localization of Ath1 in vps1∆ mutant. vps1∆ mutant transformed with pATH1-mCherry was grown 
in the YN trehalose medium to exponential phase, and then collected for microscopy. 
 
We further measured Ath1 activity in vps1∆ mutant, Figure 62 shows that Ath1 
activity on intact cell and in crude extract was two-fold higher than that in the wild type. 
Comparing the signal at the cell surface in this mutant (Figure 61) with that in wild type 
(Figure 34), we also observed a significant stronger fluorescent signal at the cell surface in 
this mutant as compared to the wild type. Therefore, the increasing activity may due to the 
fact that more Ath1 was secreted to the cell surface in the absence of Golgi to vacuole sorting 
pathway.  
 
Figure 62 Ath1 activity in vps1∆ mutant. Cells were grown in YPD medium till the stationary phase  and were 
collected for testing activity of acid trehalase on intact cells or in cell crude extracts. Histograms show the results 
of two independent experiments (mean ± SD). 
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This hypothesis was further investigated by the use of several ath1∆N allele fused to 
different targeting signal peptides, which were constructed and expressed in wild type strain 
above to study the functional localization of Ath1 (see section 7.3 and 7.6).  
Here vps1∆ mutant transformed with plasmid pSPSUC2-ath1∆N-mCherry was grown 
in YN trehalose medium to exponential phase for microscopy. In Figure 63A, we can see that 
the fluorescent signal was found at the cell surface with only several small intracellular points 
that could correspond to secretory vesicles. This result indicates that similarly as the entire 
protein Ath1, SPsuc2-Ath1∆N was prevented to be targeted to the vacuole. However, when 
vps1∆ mutant was transformed with the other two constructions (pSPPEP4-ath1∆N-mCherry 
and pSPSGA1-ath1∆N-mCherry), we surprisingly observed a strong signal at the cell surface 
and also in the vacuole (Figure 63B, C). We already knew that these two chimeric proteins are 
exclusively localized in the vacuole in wild type cells. Thus it could be proposed that the cell 
surface localization of these two chimera proteins may be due to a mis-secretion when the 
intracellular vacuolar sorting pathway was blocked. However, how could these proteins reach 
the vacuole when the intracellular vacuole sorting pathway is blocked? We proposed that 
these proteins could be retrieved from the cell surface to vacuole by endocytosis when they 
are mis-secreted to the cell surface. But we did not get the same result for SPsuc2-ath1∆N. 
The difference between SPsuc2-ath1∆N and SPpep4-ath1∆N / SPsga1-ath1∆N is that the 
latter two proteins are two vacuolar destinated proteins. Therefore, it could be proposed that 
proteins with vacuolar destiny could be retrieved to the vacuole by endocytosis when they are 










Figure 63 Localization of Ath1∆N fused to different signal peptides in vps1∆ mutant. vps1∆ mutant cells 
transformed with pSPSUC2-ath1∆N-mCherry (A),  pSPPEP4-ath1∆N-mCherry (B) and pSPSGA1-ath1∆N-
mCherry (C) were grown in the YN trehalose medium to exponential phase, and then collected for microscopy. 
 
11.2 Endocytosis pathway  
While the above experimental data provided strong evidence that the targeting of Ath1 
to vacuole is through the PVC/MVB pathway (our result, Huang et al., 2007), we wish to 







11.2.1 Lysine mutation of Ath1 
Proteins destined for endocytosis must have features that distinguish them from stable 
plasma membrane proteins. Ubiquitin, which is covalently linked to lysine residues of target 
proteins, has been identified in S. cerevisiae as endocytosis signal. The classical role of 
ubiquitin is to target proteins for degradation by the proteasome. Lately, it was reported to 
also tag proteins for endocytosis and subsequent degradation in the vacuole (Dupre et al., 
2004).  
According to the amino acid sequence of Ath1, there are three lysines in the N-
terminal domain, at positions 2, 27, and 37 aa, which could be the target of ubiquitination. We 
hypothesized that Ath1 could be ubiquitinated at these residues to undergo endocytosis. To 
test this hypothesis, we deleted these three lysine sites K2,27,37 in plasmid pATH1-mCherry 
by carrying out three successively  two-step PCR mediated mutagenesis. The mutated plasmid 
was transformed into ath1∆ mutant for functional test. We found that this mutated protein 
could supplement ath1∆ mutant for growth on trehalose (data not shown), and maintained a 
similar activity both on intact cells and in crude extract as compared to those in wild type 
(Figure 64). We further examined their localization in ath1∆ cells by fluorescence 
microscopy. surprisingly, we could not detect the Ath1∆3K protein at the cell surface, and 
found that this protein variant was localized inside the vacuole lumen (Figure 65). The reason 
for the inability to detect a cell surface signal is still unexplained, since ath1∆ cells expressing 
this mutated form of Ath1 could grow on trehalose. On the other hand, this result indicated 
that the targeting of Ath1 does not require its ubiquitination and hence it reinforces the idea 
that Ath1 does not go to vacuole by the endocytosis pathway, unless other lysine that are 





Figure 64 Ath1∆3K activity. BY ath1∆ mutant cells transformed with path1∆3K-mCherry were grown in YNT 
medium till the exponential phase  and were collected for measuring the activity of acid trehalase on intact cells 
and in crude extracts. Histograms show the results of two independent experiments (mean ± SD). 
 
    
Figure 65 Localization of Ath1∆3K. BY ath1∆ mutant cells transformed with path1∆3K-mCherry were grown 
in the YN trehalose medium to exponential phase, and then collected for microscopy. 
 
11.2.2 end3∆ mutant 
The endocytosis-deficient mutant end3∆, in which the internalization step of 
endocytosis is defective (Raths et al., 1993), was used in our study. Ath1 should be blocked at 
the plasma membrane in end3∆ cells if its targeting pathway goes through the exocytic and 
endocytic pathways en route to the vacuole. Plasmid pATH1-mCherry expressing Ath1-
mCherry fusion protein was transformed into this end3∆ mutant. Transformed cells were 
grown in YN trehalose medium till exponential phase for microscopy analysis. Figure 66 
shows that the major signal was still present in the vacuole, which indicates that vacuolar 
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targeting of Ath1 is independent of endocytosis pathway. In addition, the signal at cell surface 
was apparently weaker than  that in wild type strain (Figure 34), and this weaker signal  
correlated with threefoled lower Ath1 activity measured in this mutant as compared to the 
wild type cells (Figure 67). We do not understand this overall drop of Ath1 activity in this 
mutant, unless it is an indirect effect of the mutation on the expression of ATH1.  
  
Figure 66 Localization of Ath1 in end3∆ mutant. end3∆ mutant cells transformed with pATH1-mCherry were 
grown in the YN trehalose medium to exponential phase, and then collected for microscopy. 
 
 
Figure 67 Ath1 activity in end3∆ mutant. end3∆ Cells were grown in YPD medium till the stationary phase  
and were collected for testing activity of acid trehalase on intact cells or in crude extracts. Histograms show the 
results of two independent experiments (mean ± SD). 
 
As a conclusion, our results using vps1∆, end3∆ mutants as well as Ath1∆3K that 
lacks putative ubiquitinated lysines indicate that Ath1 is targeted to the vacuole via the 
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intracellular PVC pathway bypassing the plasma membrane and endocytosis (coupled or not 





12  Is cell surface localization mediated by the classical 
secretory pathway ? 
12.1 Classical secretory pathway 
As already stated in the introduction and in Chapter I, the sequence of Ath1 does not 
present any canonical signal peptide for secretion. It only harbors at its N-terminus a short 
23aa length transmembrane (TM) domain that we found to be essential for activity. 
Nevertheless, earlier studies showed that Ath1 is a highly glycosylated protein, raising the 
hypothesis that Ath1 might probably pass through the early secretory pathway (ER and Golgi, 
where proteins are undergoing glycosylation) (Londesborough and Varimo, 1984). There was 
actually some attempts to investigate the role of secretory pathway by means of ‘secretory 
defective’ mutants in the processing of Ath1 in yeast cells (Mittenbuhler & Holzer, 1991). 
However, these preliminary experiments were likely endowed of a technical artifact using the 
antibody that was supposed to cross-react with Ath1 and actually turned out to be specific to a 
cell wall protein encoded by YGP1 (see below). Thus, in the light of our data and using more 
appropriate tools, we revisited this secretion mechanism using some mutants of classical 
secretory pathway, which have been isolated a long time ago by Novick (1979, 1980) based 
on a screening for conditional growth and secretion of invertase and alkaline phosphatase. 
These mutants are temperature sensitive strains, as they stop growing at restrictive 
temperature (usually 37°C for laboratory study) due to the denaturation of the corresponding 
protein participating in protein secretory process, whereas they could grow at permissive 
temperature (usually 24°C for laboratory study). 
 
12.1.1 sec18 mutant 
Sec18 is one of these 23 initially identified secretory proteins (Novick and Schekman, 
1983). SEC18 encodes an ATPase that was shown to be required for the transport from ER to 
Golgi complex, as well as for release of Sec17 during the 'priming' step in homotypic vacuole 
fusion. A major phenotype of this conditional mutant is, at the restrictive temperature, its  
defect in fusion of ER derived vesicles with the Golgi apparatus thus clustering secreted 
proteins at the ER-Golgi level. 
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Ath1 activity was measured in the sec18 mutant and its corresponding wild type (see 
strain list in Experimental procedures) following a temperature shift . As reported in Figure 
68, the Ath1 activity increased quite rapidly upon transfert of the wild type cells from 25°C in 
a repressing YPD medium to a derepressing medium (containing 0.1% glucose) at 37°C. In 
contrast, the activity of this enzyme measured either on intact cells or in crude extract barely 
increased in sec18 cells following the same treatment. Upon return to  the permissive 
temperature of 24°C, the activity in wild type cells  almost remained to the same level, 
whereas Ath1 activity increased in sec18 cells. These results indicated an effect of Sec18 on 
Ath1. Since Sec18 functions in the ER to the Golgi targeting step, it could be proposed that 
intracellular transport of Ath1 is blocked at this step. Since we could hardly measured Ath1 
activity in crude extract of sec18 in derepressed medium at restrictive temperature, it could to 
be proposed that Ath1 blocked in the ER level was not active, which was probably due to the 
lack of further process in the Golgi apparatus (e.g. glycosylation)  and hence preventing its 
full maturation. 
 
Figure 68 Ath1 activity in sec18 mutant. Wild type strain WT18  and sec18 mutant cells were grown in YPD 
medium overnight at 24°C to get to the exponential phase (OD=5-9). Cells were collected by centrifugation and 
washed twice with steriled water to eliminate the residual glucose (0 hour sampling). Then they were 
resuspended in YP+0.1% glucose medium (derepressive medium for Ath1 expression) and grown at restrictive 
temperature 37°C for 6 hours. During this period, cell sampling was performed at 3 hours as well as 6 hours. 
Then cultures were shifted to permissive temperature 24°C and were collected after 3 hours and 15 hours. All 
these samples were used for Ath1 activity test both on intact cells and in crude extract. 
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To verify this suggestion, we took advantage of galactose inducible system applied in 
this mutant. GAL promoter is barely active in the absence of galactose, whereas it could be 
induced imediately by adding galactose. We followed the classical “pulse-chase” strategy, i.e. 
transient expression of a gene of interest that accumulates at a certain stage of the secretory 
pathway when combining this induction with denaturation of the corresponding Sec protein. 
Thus we transformed the sec18 mutant with pPGAL1-HA-ATH1-mCherry that expressed the 
Ath1-mCherry fusion protein under the control of GAL promoter to visualize the localization 
of Ath1 by means of fluorescence microscopy. Without galactose, the GAL promoter was 
OFF and we were unable to detect any fluorescent signal in transformed cells. Then the 
transformed mutants cells were incubated at 37°C for 20 min. This treatment was reported to 
successfully denature the corresponding Sec proteins in sec mutants (Curwin et al., 2009). 
Thus galactose was added to induce Ath1-mCherry expression, only after 20 min to warrant 
for loss of Sec18. In Figure 69A, we could see that the fluorescent signal presented an 
irregular punctual form, which may probably correspond to the transport vesicles accumulated 
between ER and Golgi apparatus. As a control, cells without the heat-shock temperature 
treatment showed the signal in a single compartment, which is likely the vacuole (Figure 
69B). It is worth noting that we did not see the signal at the cell surface neither before and 
after the temperature shift. The failure to detect the cell surface signal may due to the use of 
the strong promoter PGAL1 in this study since similar result has been obtained with another 
strong promoter PMET25 (see previous data in section 7.1). Alternatively, it cannot be 
excluded that the HA tag at the N-terminus of Ath1 had affected the cell surface targeting 
ability of this protein chimera since ath1∆ mutant complemented with HA-Ath1 grew slower 








Figure 69 Localization of Ath1 in sec18 mutant. sec18 mutant cells transformed with pPGAL1-HA-ATH1-
mCherry were grown in YNB medium overnight at 24°C as a precultre, then diluted 100 fold in YN raffinose 
medium and grown overnight at 24°C to reach an optical density about 0.5-1. Cultures were divided into two 
parts identically. One half was transfered in a water-bath set a 37°C and 20 min after was added galactose to a 
final concentration of 2% , and then was shifted to 24°C (A), while the other half remained at 24 °C without 
heatchoc, to which was also added galactose (B). Cells were continued to be grown for additional one hour and 
collected for microscopy (vacuoles are indicated with arrows). 
 
12.1.2 sec6 mutant 
Sec6 is a component of SNARE complex that is implicated in the Golgi to plasma 
membrane transport and in exocytosis (TerBush and Novick, 1995). At the restrictive 
temperature, sec6 mutant retains secreted protein within the cells at the Golgi-plasma 
membrane level (Novick and Schekman, 1983). 
Ath1 activity was measured in sec6 mutant as well as its corresponding wild type (see 
strain list in Experimental Procedures) at restrictive temperature and permissive temperature. 
In Figure 70, we can see that Ath1 activity increased immediately when passed to derepressed 
medium at 37°C in the wild type. However,  sec6 cells showed a relatively low Ath1 activity 





indicated that Sec6 affected Ath1 secretion, but its absence does not totally block its secretion 
since sec6 cells still presented some residual activity, especially on intact cell. Thus we 
speculated that some other proteins also participate in this step, which could possibly 
substitute for the absence of Sec6 to some extent. It is worth to note that Ath1 activity in this 
sec6 mutant did not increase significantly after shift to 24°C. This result could possibly due to 
the inefficient recovery of denatured Sec6 protein since it was reported that the recovery of 
denatured Sec proteins varies among different sec mutants (Novick and Schekman, 1983).  
 
Figure 70 Ath1 activity in sec6 mutant. Wild type strain WT6 and sec6 mutant cells were grown in YPD 
medium overnight at 24°C to get to the exponential phase (OD=5-9). Cells were collected by centrifugation and 
washed twice with steriled water to eliminate the residual glucose (0 hour sampling). Then they were 
resuspended in YP+0.1% glucose medium (derepressive medium for Ath1 expression) and grown at restrictive 
temperature 37°C for 6 hours. During this period, cell sampling was performedat 3 hours as well as 6 hours. 
Then cultures were shifted to permissive temperature 24°C and were collected after 3 hours and 15 hours. All 
these samples were used for Ath1 activity test both on intact cells and in crude extract. 
 
We then looked into the localization of Ath1 in sec6 mutant. Similar strategy as in 
sec18 was performed. In Figure 71A, the fluorescent signal was visualized in the vacuole as 
similar as in cells without the temperature treatment (Figure 71B). In addition, and as similar 
as for sec18 mutant, there was no signal detected at the cell surface. However, we do not 
know whether this disappearance of cell surface signal was due to the inactive Sec6 or to the 
particular construction (overexpression, HA-tagged, etc.) used in this experiment (as 
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demonstrated above). This prevented us to further verify our hypothesis of the possible role of 
Sec6 in Ath1 secretion. 
 
 
Figure 71 Localization of Ath1 in sec6 mutant. sec6 mutant cells transformed with pPGAL1-HA-ATH1-
mCherry were grown in YNB medium overnight at 24°C as a precultre, then diluted 100 fold in YN raffinose 
medium and grown overnight at 24°C to reach an optical density about 0.5-1. Cultures were divided into two 
identical parts. One half was transfered in a water-bath set a 37°C and 20 min after was added galactose to a final 
concentration of 2% , and then was shifted to 24°C (A), while the other half remained at 24 °C without heatchoc, 
to which was also added galactose (B). Cells were continued to be grown for additional one hour and collected 
for microscopy (vacuoles are indicated with arrows). 
 
12.1.3 Sso proteins 
Sso1 and Sso2 are two other components of SNARE complex playing a role in the 
plasma membrane fusion of transport vesicles derived from Golgi apparatus in the classical 
secretory pathway. The SSO1 and SSO2 genes were isolated as multicopy suppressors of a 
temperature-sensitive mutation of SEC1 (Aalto et al., 1993). SEC1 is one of the late-acting 
SEC gene required for transport of proteins from Golgi to plasma membrane (Novick and 
Schekman, 1979; Novick et al., 1980; Novick et al., 1981). In the temperature-sensitive sec1 





targeting or fusion was impaired. Overexpression of Sso1 or Sso2 could suppress sec1 mutant 
for growth and partial protein secretion ability at restrictive temperature, while it could not 
suppress the complete absence of Sec1 protein (deletion of SEC1 gene). This indicated that 
Sso1 and Sso2 do not replace the Sec1 protein function, but rather assist the temperature-
sensitive Sec1 protein. Sso1 and Sso2 are 72% identical to each other at the amino acid level 
and either one of the two can rescue growth and secretion of sec1 mutant at the permissive 
temperature.  Depletion of both Sso proteins leads to the same phenotype as mutations in the 
SEC1 gene: impaired growth and secretion as well as accumulation of secretory vesicles at the 
bud region (Aalto et al., 1993). Since secretion of either heterologous secreted protein 
(Bacillus α-amylase) or endogenous secreted protein (invertase) was enhanced as a result of 
overexpressing Sso1 or Sso2, it was proposed that Sso protein may be the rate-limiting 
components of the protein secretion machinery at the exocytosis step in the yeast (Ruohonen 
et al., 1997). 
We therefore examined whether overexpressing these proteins would favour Ath1 
secretion. To this end, we constructed two plasmids YEPlac195-SSO1 and YEPlac195-SSO2 
that were introduced into BY4741 wild type cells by transformation. In Figure 72, it is shown 
that the overexpression of either  SSO1 or SSO2 did not cause significant change in the 
activity of Ath1, except for a slightly decrease on intact cells of SSO1-overexpressed strain 
which was in contrast to what has been reported for invertase secretion in this strain 
(Ruohonen et al., 1997). We further deleted either of these two genes in BY4741 cells and 
found that deletion of either SSO1 or SSO2 did not diminish Ath1 activity. Still on the 
contrary, Ath1 activity even increased in sso1∆ mutant (Figure 73). However, these 
experiments were done only once. We should confirmed this negative result by repeating at 





Figure 72 Ath1 activity after the overexpression of Sso protein. Wild type BY4741 cells were transformed 
separately with two plasmids YEPlac195-SSO1 and YEPlac195-SSO2 which overexpressed SSO1 and SSO2. 
These transformant cells were grown in YNB medium to late exponential phase to maintenant the plasmids and 
were transfer to YPD medium and grown till stationary phase. Cells were collected for Ath1 activity test both on 
intact cells and in crude extract. 
 
 
Figure 73 Ath1 activity after the deletion of Sso protein. sso1∆ and sso2∆ mutants  as well as wild type cell 
were grown in YPD medium to reach stationary phase. Cells were collected for Ath1 activity test both on intact 
cells and in crude extract. 
 
Therefore, we can conclude that single absence of either Sso proteins do not seem to 
affect the secretion of Ath1 to the cell surface. However, it could still be speculated that this 
secretion is dependent on either of these two proteins. It should be worth to create a double-
deletion mutant and to reinvestigate Ath1 secretion in this double mutant. Together with the 
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result of sec6 mutant, perhaps this double-mutation creation should be performed in this sec6 
mutant since we speculated that some other proteins might possibly overcome the absence of 
Sec6, as these three proteins Sec6, Sso1 and Sso2 constitute the components of SNARE 
complex in the last step of the classical secretory pathway. Clear validation will require the 
use of a control protein whose secretion has been reported to be altered in sec6 mutant as well 
in strain overexpressing SSO1 and SSO2. This verification is now under progress. 
 
12.2 Other proteins that may affect Ath1 secretion 
From results reported above, it was difficult to conclude definitively that the 
localization of Ath1 at the cell surface is mediated by components of the classical secretory 
pathway or not. Therefore, we searched for indirect mechanisms that may explain secretion at 
the cell surface. This study could reveal a new secretion manner for some unconventionally 
secreted protein in S.cerevisiae. 
 
12.2.1 Mnn10/11 
The disruption of KlMNN10 in K.lactis, as well as either deletion of MNN10 and 
MNN11 in S.cerevisiae, conferred a super-secreting phenotype of the yeast cells. The genes 
MNN10 and MNN11 of S.cerevisiae encode mannosyltransferases responsible for the majority 
of the α-1,6-polymerization activity of the mannosyltransferase complex. It is proposed that 
the super-secreting phenotype is the result of protein release into the medium, due to the 
change of the structure of glycoproteins in yeast cell wall (Bartkeviciute and Sasnauskas, 
2004).  
We therefore deleted MNN10 and MNN11 in BY4741 cell and Ath1 activity was 
measured in these two mutants. It can be seen in Figure 74, that deletion of either one of these 
two genes caused an increase in total activity of Ath1, but most importantly, it resulted in a 
significant increase in the Ath1 activity measured in the medium. Similar results were 
observed for the secreted invertase (Figure 75), which has also higher activity measured in the 
medium, as well as at the cell surface. Taken together, this data support the notion that Ath1 is 
a mannosylated protein localized at the cell surface whose defect in mannosylation leads to 
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partial release in the medium. However, here we lacked of an intracellular control protein 
(such as phosphoglucose isomerase or neutral trehalase) in this experiment, thus we could not 
conclude that whether these deletions would only lead to the specific release of cell surface 
localizated proteins or also intracellular protein release. This control is underway. 
 
Figure 74 Ath1 activity after the deletion of Mnn protein. mnn10∆ and mnn11∆ mutants  as well as wild type 
cell were grown in YPD medium to reach stationary phase. Cells were collected for Ath1 activity test both on 
intact cells and in crude extract, as well as in the medium (see experimental procedures). 
 
Figure 75 Invertase activity after the deletion of Mnn protein. mnn10∆ and mnn11∆ mutants  as well as wild 
type cell were grown in YPD medium to reach stationary phase. Cells were collected for invertase activity test 
both on intact cells and in crude extract, as well as in the medium (see experimental procedures). 
 
12.2.2 Ygp1 (gp37) 
Purification of Ath1 was found to be heavily “contaminated” by two other 
glycoproteins, namely the secreted invertase and another one, suggested to be localized at the 
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cell surface and termed Ygp1 (gp37) (Mittenbuhler and Holzer, 1988). Ygp1 is a small 
glycoprotein of 37-41 kDa encoded by YGP1 whose expression is dramatically increased in 
response to nutrient limitation or starvation conditions (Destruelle et al., 1994). This protein 
was suggested to be localized at the cell surface, using the internal-invertase system 
(Destruelle et al., 1994), as we did also for Ath1 (see section 7.2). This system allowed a 
suc2∆ mutant expressing an internal-invertase fused to Ygp1 to grow on sucrose medium 
(Destruelle et al., 1994). Domain analysis of amino sequence of this protein revealed a signal 
peptide at its N-terminal domain, as well as a catalytic domain bearing a characteristics 
belonging to asparaginase family, which catalyses the deamination of asparagine to yield 
aspartic acid and an ammonium ion, its role at the cell surface remains to be clarified (Figure 
76). 
 
Figure 76 Domain prediction of Ygp1 by SMART program. Amino sequence of 5-20 in pink color represents 
the low compositional complexity region; amino sequence of 53-349 in green color represents the catalytic 
domain. 
 
The visualization of this localization has not yet been reported. Therefore, we made a 
Ygp1-mCherry fusion protein by integrating mCherry DNA fragment at the 3’end of YPG1 by 
in vivo homologous recombination as done previously for Ath1-mCherry and visualized this 
fusion protein by fluorescent microscopy. Very remarkably, we found that the signal of Ygp1-
mCherry was present both at the cell surface and in the vacuole, similarly as what we have 




Figure 77 Localization of Ygp1-mCherry. BY4741 cells with mCherry integrated in the 3’-end of YGP1 locus 
of chromosome were grown in the YN trehalose medium to exponential phase and were collected for 
microscopy. Excitation λ =590nm. 
This result led us to further verify the co-localization of these two proteins. To this 
end, we tagged Ygp1 with another fluorescent protein CFP in the BY strain cells already 
expressing Ath1-mCherry and visualized the localization of these two proteins by 
fluorescence microscopy. It can be seen in Figure 78, a perfect co-localization of the two 
proteins, although a brighter signal corresponding to Ygp1-CFP was present at cell surface 
likely due to the higher expression of the corresponding gene. 
  
  
Figure 78 Co-localization of Ath1 and Ygp1. BY4741 cells with mCherry integrated in the 3’-end of ATH1 
and CFP integrated in the 3’-end of YGP1 locus of chromosome were grown in the YN trehalose medium to 
exponential phase and were collected for microscopy. Excitation λ=590nm for mCherry and λ=430nm for CFP.  
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This co-localization together with the finding that these two proteins co-purify led us 
to suggest that they might physically interact. This hypothesis could be verified using the two-
hybrid system (see in Experimental procedures for technical explanation). ATH1 and YGP1 
were fused to GAL4 fragments that encode for the binding domain (BD-ATH1) and for the 
activating domain (AD-YGP1), respectively, and the two plasmids were co-transformed into 
the yeast cell pJ69-4A, which bears two reporter genes HIS and ADE, that will be transcribed 
if the two proteins interact and restore a functional transcription factor, thus allowing growth 
on his-/ade- agar plates. Table 3 shows that the co-transformed cells did not grow on the agar 
medium in the absence of adenine, but could barely grow on his- plate. This slow growth was 
likely due to the permissivity of the Histidine reporter gene, as we could block this residual 
growth in the presence of 3-AT (3-amino-1,2,4-trizole), often used to reduce false positive in 
a two-hybrid screen (see Translation Initiation: Extract Systems and Molecular Genetics; 
chapter Yeast Phenotypic Assays). The positive control carrying pSNF1-AD (expressing 
activating domain fused to Snf1, a protein kinase constitute of the Snf1 kinase complex) and 
pSIP1-BD (expressing binding domain fused to Sip1, an alternate beta-subunit of the Snf1 
kinase complex, which is well known to interact with Snf1) could grow very well on both 
agar medium in the absence of either histine or adenine. 
 
Table 3 Two-hybrid result of Ath1 and Ygp1. 
pJ69-4A containing these two plasmids growth on selective medium 
pAD pBD His- Ade- 
pGAD424-ATH1 pOBD80-YGP1 +/- - 
pGAD424-ATH1 pOBD80 + - 
pGAD424 pOBD80-YGP1 +/- - 
pGAD424 pOBD80 + - 
    
pGAD424-YGP1 pOBD80-ATH1 +/- - 
pGAD424-YGP1 pOBD80 + - 
pGAD424 pOBD80-ATH1 +/- - 
pGAD424 pOBD80 + - 
    




However, the two-hybrid system was predicted to be limited to the analysis of 
cytoplasmic proteins, or at least to proteins that can easily be sent to the nucleus, which can be 
a serious problem for transmembrane proteins. In addition, extracellular proteins or protein 
domains are often N-glycosylated and contain disulfide bonds, both of which are not expected 
to occur in the yeast nucleus (Fields and Bartel, 2001), although several successes were 
reported with transmembrane receptors (Kajkowski et al., 1997; Young and Ozenberger, 
1995). As Ath1 and Ygp1 are both localized at the cell membrane, the failure to find an 
interaction between these two proteins by the two-hybrid system was not a definite proof that 
they do not interact in vivo. Alternative methods, such as co-immunoprecipitation could be 
applied to test protein interaction. 
In spite of a lack of interaction as assayed using the two hybrid, the co-localization of 
the two proteins led us to speculate about a possible help of Ygp1 in the secretion of Ath1. 
This point was already addressed in (Parrou et al., 2005), since they have studied a ygp1∆ 
mutant from the euroscarf collection (BY background), and found that this mutant was totally 
unable to grow on trehalose. Thus they proposed that Ygp1 probably plays an important role 
in the regulation of Ath1 expression or secretion. However, this mutant was lately found to 
posses a secondary mutation leading to a respiratory defect which resulted in the failure of 
growth on trehalose, since trehalose is not a fermentable carbon source in S.cerevisiae 
(Fukuhara, 2003). Thus, we revisited this point in our study. A simple and direct manner to 
examine this idea is to check if deletion or overexpression of YGP1 has any impact on the 
localization of Ath1, as well as on its activity at the cell surface.  
YGP1 was therefore either deleted or overexpressed in BY4741 strain and growth rate 
on trehalose was assessed as a first indication to know if this modification affects Ath1. 





Figure 79 Growth curve of ygp1∆ mutant and YGP1 overexpression strains on YN trehalose. Cells were 
grown in YNB overnight to get to the exponential phase and were inoculated to YN trehalose medium. Optical 
density was measure following their growths. 
 
When measuring the expression levels of ATH1 by quantitative PCR in wild type, 
ypg1∆ and overexpressed YPG1 strains, we did not observe any significant difference of 
mRNA level among WT and overexpressing strains, whereas it was a little lower in ygp1∆ 
mutant (Figure 80). Meanwhile, no difference in Ath1 activity on intact cells has been 
detected either (Figure 81). 
These results together show that Ygp1 does not have a crucial role in the secretion of 






Figure 80 Ath1 expression level test in ygp1∆ mutant and YGP1 overexpression strains. wild type BY4741, 
BY ygp1∆ mutant and BY overexpressing YGP1 were grown in YN trehalose medium. Cells were collected in 
exponential phase (OD600nm=2-3). Total RNA was extracted, and followed by cDNA synthesis and Real-time 
PCR using specific primers of ATH1. Quantification of transcripts was calculated according to the referrence 
genes (UBC6, ALG9) as described in experimental procedures. 
 
Figure 81 Ath1 activity in ygp1∆ mutant and YGP1 overexpression strains. Experimental protocol as in 
Figure 79, except that cells were collected to measure Ath1 activity on intact cells. 
 
12.2.3 Suc2 
The secreted protein invertase, encoded by SUC2 was also reported to co-purify with 
Ath1 (Mittenbuhler and Holzer, 1988). Therefore, we used the same strategy as above to tag 
Suc2 with mCherry and to visualize the localization of this protein chimera. Figure 82 shows 
that Suc2-mCherry was primarily localized at the cell surface, whereas some intracellular 
signal possibly in the vacuole was also found. This result was again consistent with the co-




Figure 82 Localization of Suc2 in yeast cell. BY4741 cells with mCherry integrated in the 3’-end of SUC2 
locus of chromosome were grown in the YP sucrose medium to exponential phase and were collected for 
microscopy. Excitation λ =590nm. 
 
We further measured the Ath1 activity in suc2 mutant SEY6210. Since we did not 
have corresponding wild type cell for this background strain, we introduced the centromeric 
plasmid pLC1, which expressed invertase under its native promoter, into suc2∆ mutant. As a 
control, the plasmid pSC1, which contained a suc2ic allele lacking its signal peptide for 
secretion was introduced into suc2∆ mutant. This latter transformant strain could still be 
considered as a suc2∆ mutant. Figure 83 shows that there was no difference in the growth rate 
on trehalose of these two transformed strains, as well as Ath1 activity presented no significant 
difference in these two strains (Figure 84), nor cell surface localization of Ath1 as revealed by 
Ath1-mCherry construction (Figure 85). 
 
 
Figure 83 Growth curve of suc2∆ mutant on YN trehalose. suc2∆ mutant SEY6210 cells transformed with 
pSC1 (containing suc2ic allele without signal peptide sequence) and pLC1 (positive control: containing SUC2 





Figure 84 Ath1 activity in suc2∆ mutant. suc2∆ mutant SEY6210 cells transformed with pSC1 (containing 
suc2ic allele without signal peptide sequence) and pLC1 (positive control: containing SUC2 ORF) were grown in 




Figure 85 Localization of Ath1 in suc2∆ mutant. Cells of suc2∆ mutant SEY6210 with mCherry integrated in 
the 3’-end of ATH1 locus of chromosome were grown in the YN trehalose medium to exponential phase and 
were collected for microscopy. Excitation λ =590nm. 
 
Taken together, a similar conclusion can be been drawn for Suc2 as it was given for 
Ygp1: Suc2 protein does not seem to play any role in the secretion of Ath1, or reciprocally 
Ath1 function does not need the presence of Suc2. However, we can argue that the lack of one 
of them is compensated by the other for helping Ath1 to be secreted. Therefore, we generated 
double ygp1∆ suc2∆ mutant, by disrupting YPG1 in the suc2∆ mutant SEY6210. We found 
that this double mutant could still grow on trehalose as well as the wild type and that Ath1 
activity did not show any difference in this double mutant with the single mutants or the 
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control strain (data not shown). As a conclusion, Ygp1 and Suc2 have no direct relationship 
with the secretion of Ath1, and the co-purification of these three proteins (Ath1, Ygp1 and 
Suc2) was probably due to their co-localization. 
Especially according to a recently published work, the authors demonstrated that 
Sec14, which globally functions in protein secretion from the trans-Golgi required for 
secretion through the endosome-dependent route followed by invertase and acid phosphatase, 
also regulates the endosome-independent route from the trans-Golgi to the plasma membrane 
used by Endo-beta-1,3-glucanase (Bgl2), a major protein of the cell wall (Figure 86). 
However, not all secretion was inhibited upon diminution of Sec14 function as many proteins 
were still secreted at a similar level to wild type, including Hsp150, Cts1, Scw4, Scw10, 
Exg1, Cis3, as well as Ygp1 (Curwin et al., 2009). This further implies that Suc2 and Ygp1 
take a different pathway to reach cell surface. This result also proposed that there is at least 
one more route from the trans-Golgi to the plasma membrane is independent of Sec14. 
However, we did not test whether Ath1 could be secreted in the absence of Sec14, which 
could be as a perspective work.  
 






13 A global approach to identify components implicated in 
the regulation of Ath1 
The availability of the yeast haploid Knock-Out mutant collection (YKO) made in the 
BY strain background gave us the remarkable opportunity to screen for mutants defective for 
growth on trehalose, which is strictly dependent on ATH1 since this strain does not express 
the membrane trehalose transporter Agt1. This screen should help us to identify several 
factors that are implicated in the regulation of Ath1, including expression regulators and 
proteins mediating the secretion of Ath1 at the cell surface. There was however a serious 
caveat in our screen, due to the fact that trehalose assimilation in yeast cell is an oxydative 
processus, and therefore, purely respiratory mutants had to be removed from the list. In order 
to exclude these mutants, we did a parrallel screen for cell growth on sodium acetate medium 
for which mutants defective in respiration (and acetate assimilation) would not grow. Strains 
manipulation was carried out with Genetix Qpix2 Automated Colony Picker, to inoculate 
200µl small-scale cultures in microplates. After a first screening the whole collection of 
~5000 mutants, those that showed no growth (after 5 days’ cultivation, OD655nm is < 0.06 by 
the 96-microplate reader, BioRad) and poor growth (OD655nm is between 0.06 and 0.15, 
while the wild type grew up to an OD value of ~ 0.5) on trehalose medium while they did not 
grow on acetate were proceeded for a second round of screening paying attention to the 
growth behaviour (time lag, growth rate and maximal optical density). Following these 
criteria, we have finally retained 36 mutants (Table 4 for OD655 value and Table 5 for their 
function) that showed no growth on trehalose, whereas they could grow on acetate medium. 
Meanwhile, we also tested the growth on other carbon sources (ethanol/glycerol, 
lactate/pyruvate, raffinose, galactose and sucrose) of these 36 mutants.  
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raffinose galactose sucrose 
YOL023W IFM1 0,049 0,166 0,365 0,235 0,383 0,587 0,539 
YKL148C SDH1 0,039 0,096 0,1 0,177 0,452 0,627 0,573 
YDR178W SDH4 0,036 0,136 0,077 0,263 0,558 0,768 0,622 
YOL071W EMI5 0,033 0,093 0,066 1,061 0,385 0,514 0,56 
YJL046W AIM22 0,035 0,093 0,205 0,252 0,418 0,663 0,467 
YJR048W CYC1 0,055 0,127 0,178 0,307 0,337 0,619 0,565 
YBR044C TCM62 0,032 0,095 0,164 0,322 0,485 0,583 0,444 
YNL169C PSD1 0,041 0,195 0,308 0,217 0,446 0,643 0,562 
YMR293C HER2 0,032 1,104 0,041 0,039 0,338 0,491 0,533 
YGL252C RTG2 0,047 0,492 0,285 0,326 0,465 0,666 0,554 
YNL284C MRPL10 0,03 1,227 0,202 0,043 0,367 0,432 0,501 
YPR100W MRPL51 0,031 1,194 0,344 1,144 0,36 0,388 0,462 
YDL198C GGC1 0,033 1,356 0,273 1,046 0,529 0,375 0,55 
YNL076W MKS1 0,033 0,468 0,209 0,293 0,438 0,53 0,502 
YDR511W ACN9 0,04 0,491 0,448 0,342 0,535 0,635 0,552 
YKL155C RSM22 0,035 1,263 0,285 1,215 0,408 0,549 0,469 
YPR133W-A TOM5 0,032 1,441 0,259 1,235 0,445 0,452 0,415 
YNL315C ATP11 0,037 1,4 0,309 1,24 0,53 0,423 0,52 
YPL271W ATP15 0,036 1,473 0,485 1,037 0,414 0,423 0,497 
YPL254W HFI1 0,035 1,091 0,463 1,084 0,327 0,305 0,539 
YPL129W TAF14 0,039 1,25 0,452 1,067 0,343 0,383 0,345 
YDR477W SNF1 0,032 1,347 0,326 1,176 0,307 0,681 0,359 
YJL140W RPB4 0,037 1,14 0,252 1,191 0,397 0,615 0,517 
YDR512C EMI1 0,049 0,209 0,278 0,284 0,439 0,688 0,523 
YMR021C MAC1 0,035 1,371 0,462 0,047 0,567 0,399 0,548 
YGR167W CLC1 0,031 1,25 0,287 0,813 0,438 0,673 0,355 
YEL036C ANP1 0,033 1,258 0,272 1,502 0,422 0,632 0,424 
YLR027C AAT2 0,038 0,111 0,461 0,088 0,135 0,237 0,493 
YNL117W MLS1 0,037 0,102 0,067 0,268 0,39 0,587 0,438 
YEL049W PAU2 0,034 0,194 0,099 0,295 0,329 0,524 0,518 
YJL079C PRY1 0,054 0,208 0,366 0,19 0,458 0,534 0,532 
YJR018W  0,033 1,074 0,319 1,077 0,32 0,356 0,296 
YDL063C  0,03 0,951 0,784 0,83 0,33 0,99 0,438 
YDR532C  0,037 1,343 0,393 1,216 0,386 0,641 0,622 
YDR521W  0,033 0,859 0,342 1,183 0,425 0,62 0,557 
YCL007C  0,031 1,002 0,521 1,208 0,362 0,558 0,478 
Values given in the table are OD measured at 655nm in the Elisa reader plate spectrophotometer after 5 days of 




From these 36 mutants, more than half (20) belong to the ‘mitochondrial function’ 
according to FUNCAT in MIPS. This category was actually not expected, since we knew a 
priori that any defect in respiratory function would impair growth on trehalose, and hence we 
used growth on acetate, as a control to remove this caveat. However, among the 20 genes in 
this list whose deletion resulted in lack of growth on trehalose mineral medium, only IFM1, 
SDH1, SDH4, EMI5, AIM22, CYC1, TCM62, PSD1 exhibited a slower growth on sodium 
acetate, while the other mutant defective in HER2, RTG2, MRPL10, MRPL51, GGC1, MKS1, 
ACN9, RSM22, TOM5, ATP11 and ATP15 grew very well on this respiratory source. We 
furthermore retested them on ethanol/glycerol, lactate/pyruvate and found that they could 
grow on these non fermentable carbon sources except for HER2 that could not grow in 
ethanol/glycerol and lactate/pyruvate, and MRPL10 that could not grow in lactate/pyruvate. 
Thus, while this list includes 4 genes connected to the assembly and function of the succinate 
dehydrogenase complex (encoded by SDH1, SDH4, EMI5, TCM62) and 2 genes required for 
the ATP synthase complex, and both complexes participate to the respiratory function, it 
cannot be concluded that the defect of trehalose assimilation is strictly linked to a respiratory 
defect, but most likely to some general defects in the  mitochondria independent to the 
respiratory activity. The finding of RTG2 and MKS1 in this list supports this suggestion, since 
these two genes are implicated in the retrograde signaling pathway that is activated upon 
mitochondrial defects to provide notably essential amino acids building blocks such as α-
ketoglutarate and OAA, when TCA cycle is impaired (Liu and Butow, 2006). However, the 
function of these two genes in the assimilation of trehalose is not in line with their function in 
the RTG pathway since Mks1 inhibits Rtg2, while this latter favour the transcriptional 
activation of retrograte genes by favouring nuclear translocation of the transcriptional factor 
Rtg1/Rtg3. Thus how these RTG genes are implicated in trehalose assimilation remains 
unclear. One possibility among other is that this system affects the expression of ATH1. This 
hypothesis is currently investigated.  
The second category is represented by transcriptional factor or regulator (HFI1, 
TAF14, RPB4, SNF1, EMI1 and MAC1) implicated in either the general gene expression such 
as TAF14, HFI1 and SRB4 through RNA pol II machinery (Myer and Young, 1998), or more 
to specific physiological function in glucose catabolite repression like SNF1. It would not be 
surprising at all to find that a snf1∆ mutant is unable to growth on trehalose, since loss of 
function of this gene is associated with inability to derepress glucose repressed genes 
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(Celenza and Carlson, 1984), whose ATH1 is a member of the long list likewise for SUC2. 
There are however two indication that this mutant is likely not mutated in SNF1 gene. Firstly, 
other regulatory proteins interacting with Snf1 like Snf4/ Cat3 were not identified in this 
screen, while they display similar defect as Snf1 on non-fermentable carbon source. Secondly 
and more importantly, this snf1∆ mutant in the BY background was able to grow on sucrose, 
raffinose, as well as on non fermentable carbon source. This is in total contradiction with what 
was well established regarding this gene (Celenza et al., 1989; Schuller and Entian, 1988). 
Thus, verification of this deletion must be done. Besides, EMI1 is a protein required for 
meiosis and sporulation process. It has been reported that deletion of EMI1 has a defect in 
growth on non-fermentable substrates (Steinmetz et al., 2002). This defect may related to 
some respiratory deficiency since in our screening result, it showed growth reduction on non 
fermentable carbon source but as the effect is more effective with trehalose, this could be also 
related to a connected problem of trehalose assimilation, and hence levels of Ath1 should be 
assessed in this mutant either. The finding of MAC1 which encodes a transcriptional factor 
that regulates genes involved in copper homeostasis (Jungmann et al., 1993) is also intriguing 
because, it can grow efficiently on acetate, glycerol/ethanol, and not on lactate/ pyruvate. 
Thus, this can be interpreted as a problem of trehalose assimilation at the level of produced 
pyruvate from glycolysis.   
The third and relevant category of genes identified was those implicated in the 
processing/secretion of proteins. However, only two genes implicated in this function has 
been uncovered. The first one is CLC1 which encodes a clathrin light chain, subunit of the 
major coat protein involved in intracellular protein transport (Chu et al., 1996). This protein is 
involved in vesicle formation in the trans-Golgi network (TGN)/endosomal system and during 
endocytosis. In yeast, a subset of specific trafficking events are mediated by clathrin-coated 
vesicles, such as the retention of resident Golgi membrane proteins, receptor-mediated 
endocytosis, and the sorting of lysosomal / vacuolar proteins from the secretory pathway to 
the lysosome/vacuole (Pearse and Robinson, 1990). Also, distinct coat proteins serve both to 
shape the transport vesicle and to select by direct or indirect interaction the desired set of 
cargo molecules. Secretion may require sorting and packaging signals on transported 
molecules to ensure their rapid delivery to the cell surface. Thus, the finding that loss of CLC1 
function results in growth defect on trehalose suggest that the transport of Ath1 to the cell 
surface could depend on clathrin-coated vesicles. ANP1 is the other gene in this list whose 
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defect prevents the growth on trehalose. This gene encodes a protein that contributes to the 
function of alpha-1,6-mannosyltranferase. An anp1∆ mutant has a slight defect on N-
glycosylation and a severe defect on O-glycosylation of protein (Kojima et al., 1999). In 
general, protein glycosylation occurs on suitable asparagine (N-glycosylation), serine and 
threonine (O-glycosylation) residues of the polypeptides during their translocation in the 
endoplasmic reticulum (ER) and traffic in the Golgi compartments. With respect to this 
function of ANP1, and taking into account that the Ath1 is a heavily glycosylated protein, this 
result indicated that glycolysation contributes to the maturation and likely the function of 
Ath1. Again, it is also surprising that ANP1 was the sole gene found if the glycosylation 
process is needed for Ath1 function, since Anp1 is member of a mannan polymerase complex 
comprising Van1 and Mnn9 that is required for proper Golgi function in S.cerevisiae (Stolz 
and Munro, 2002). This complex is responsible for the synthesis and initial branching of the 
long alpha-1,6-linked backbone of the hypermannose structure attached to many yeast 
glycoproteins (Jungmann and Munro, 1998). However, VAN1 and MNN9 were not identified 
in this screen. 
It remains a few odd genes whose deletion resulted in growth defect on trehalose, and 
the reason for this defect is not obvious at first glance. This is the case for AAT2 encoding the 
cytosolic aspartate aminotransferase, which catalyses the reversible transfer of the amino 
group from L-aspartate to 2-oxoglutarate to form oxaloacetate and L-glutamate. The aat2∆ 
mutant needs aspartate unless the growth is carried out in YPD. Thus, since our growth assay 
for trehalose is carried out in YN minimal medium supplemented with drop-out (see 
experimental procedures) but lacking aspartate, this could be the explanation for this growth 
defect. However, it is curious that growth of this mutant was possible on ethanol/ glycerool 
and on sucrose, while it was impaired in other carbon (fermentable and non fermentable) 
source. This needs additional validation of the mutation and to scrutinize more careful the 
growth behaviour of this mutant. On the other hand, the finding of MLS1, which encodes 
malate synthase essential in the function of the glyoxylate cycle is less clear. This cycle is 
needed for utilization of non-fermentable carbon sources in order to regenerate C4 from C2 
compounds (Hartig et al., 1992), while it is apparently not necessary for growth on trehalose 
since the catabolism of this disaccharide can apparently generate C4 from pyruvate (or the 
anaplerotic reaction catalyzed by pyruvate carboxylase is not operative in cells growing on 
trehalose). In addition, if this cycle was required for growth on trehalose, then why loss of 
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function of ICL1 encoding the other unique enzyme of this cycle, namely isocitrate lyase had 
not been found. Finally, there was a category of genes with yet unknown function (PRY1, 
YJR018W, YDL063C, YDR532C, YDR521W and YCL007C). Lack of growth due to the loss of 
function of these genes actually provide a first hint for their functional characterization. 
                                                                                                                                                                                                                                                               
Table 5 Trehalose assimilation defect strains 
Syst. Name Std. Name SGDID Gene Description 
YOL023W IFM1 S000005383 Mitochondrial translation initiation factor 2 
YKL148C SDH1 S000001631 Flavoprotein subunit of succinate dehydrogenase (Sdh1p, Sdh2p, 
Sdh3p, Sdh4p), which couples the oxidation of succinate to the 
transfer of electrons to ubiquinone 
YDR178W SDH4 S000002585 Membrane anchor subunit of succinate dehydrogenase (Sdh1p, 
Sdh2p, Sdh3p, Sdh4p), which couples the oxidation of succinate 
to the transfer of electrons to ubiquinone 
YOL071W EMI5/SDH5 S000005432 Subunit of succinate dehydrogenase, which couples succinate 
oxidation to ubiquinone reduction; required for FAD cofactor 
attachment to Sdh1p; mutations in human ortholog PGL2 are 
associated with neuroendocrine 
YJL046W AIM22 S000003582 Putative lipoate-protein ligase A family member; null mutant is 
viable and displays reduced frequency of mitochondrial genome 
loss 
YJR048W CYC1 S000003809 Cytochrome c, isoform 1; electron carrier of the mitochondrial 
intermembrane space that transfers electrons from ubiquinone-
cytochrome c oxidoreductase to cytochrome c oxidase during 
cellular respiration 
YBR044C TCM62 S000000248 Protein involved in the assembly of the mitochondrial succinate 
dehydrogenase complex; putative chaperone 
YMR293C HER2 S000004907 Mitochondrial protein required for remodeling of ER caused by 
Hmg2p overexpression; null has decreased mitochondrial 
genome loss and decreased cardiolipin and 
phosphatidylethanolamine levels; like bacterial glutamyl-tRNA 
amidotransferases 
YGL252C RTG2 S000003221 Sensor of mitochondrial dysfunction; regulates the subcellular 
location of Rtg1p and Rtg3p, transcriptional activators of the 
retrograde (RTG) and TOR pathways; Rtg2p is inhibited by the 
phosphorylated form of Mks1p 
YNL169C PSD1 S000005113 Phosphatidylserine decarboxylase of the mitochondrial inner 
membrane, converts phosphatidylserine to 
phosphatidylethanolamine 
YNL284C MRPL10 S000005228 Mitochondrial ribosomal protein of the large subunit; appears as 
two protein spots (YmL10 and YmL18) on two-dimensional SDS 
gels 
YPR100W MRPL51 S000006304 Mitochondrial ribosomal protein of the large subunit 
YDL198C GGC1 S000002357 Mitochondrial GTP/GDP transporter, essential for mitochondrial 
genome maintenance; has a role in mitochondrial iron transport; 
member of the mitochondrial carrier family 
YNL076W MKS1 S000005020 Pleiotropic negative transcriptional regulator involved in Ras-
cAMP and lysine biosynthetic pathways and nitrogen regulation; 
involved in retrograde (RTG) mitochondria-to-nucleus signaling 
YDR511W ACN9 S000002919 Protein of the mitochondrial intermembrane space, required for 
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acetate utilization and gluconeogenesis; has orthologs in higher 
eukaryotes 
YKL155C RSM22 S000001638 Mitochondrial ribosomal protein of the small subunit; also 




TOM5 S000006433 Component of the TOM (translocase of outer membrane) 
complex responsible for recognition and initial import of all 
mitochondrially directed proteins; involved in transfer of 
precursors from the Tom70p and Tom20p receptors to the 
Tom40p pore 
YNL315C ATP11 S000005259 Molecular chaperone, required for the assembly of alpha and beta 
subunits into the F1 sector of mitochondrial F1F0 ATP synthase 
YPL271W ATP15 S000006192 Epsilon subunit of the F1 sector of mitochondrial F1F0 ATP 
synthase, which is a large, evolutionarily conserved enzyme 
complex required for ATP synthesis; phosphorylated 
YPL254W HFI1 S000006175 Adaptor protein required for structural integrity of the SAGA 
complex, a histone acetyltransferase-coactivator complex that is 
involved in global regulation of gene expression through 
acetylation and transcription functions 
YPL129W TAF14 S000006050 Subunit of TFIID, TFIIF, INO80, SWI/SNF, and NuA3 
complexes, involved in RNA polymerase II transcription 
initiation and in chromatin modification; contains a YEATS 
domain 
YDR477W SNF1 S000002885 AMP-activated serine/threonine protein kinase found in a 
complex containing Snf4p and members of the 
Sip1p/Sip2p/Gal83p family; required for transcription of glucose-
repressed genes, thermotolerance, sporulation, and peroxisome 
biogenesis 
YJL140W RPB4 S000003676 RNA polymerase II subunit B32; forms two subunit dissociable 
complex with Rpb7p; involved recruitment of 3'-end processing 
factors to transcribing RNA polymerase II complex and in export 
of mRNA to cytoplasm under stress conditions 
YDR512C EMI1 S000002920 Non-essential protein of unknown function required for 
transcriptional induction of the early meiotic-specific 
transcription factor IME1, also required for sporulation 
YNL117W MLS1 S000005061 Malate synthase, enzyme of the glyoxylate cycle, involved in 
utilization of non-fermentable carbon sources; expression is 
subject to carbon catabolite repression; localizes in peroxisomes 
during growth in oleic acid medium 
YGR167W CLC1 S000003399 Clathrin light chain, subunit of the major coat protein involved in 
intracellular protein transport and endocytosis; thought to 
regulate clathrin function; two Clathrin heavy chains (CHC1) 
form the clathrin triskelion structural component 
YEL036C ANP1 S000000762 Subunit of the alpha-1,6 mannosyltransferase complex; type II 
membrane protein; has a role in retention of glycosyltransferases 
in the Golgi; involved in osmotic sensitivity and resistance to 
aminonitrophenyl propanediol 
YJL079C PRY1 S000003615 Protein of unknown function 
YJR018W   S000003779 Dubious open reading frame unlikely to encode a functional 
protein, based on available experimental and comparative 
sequence data 
YDL063C   S000002221 Putative protein of unknown function; green fluorescent protein 
(GFP)-fusion protein localizes to the cytoplasm and nucleus; 
predicted to be involved in ribosome biogenesis 
YDR532C   S000002940 Protein of unknown function that localizes to the nuclear side of 
the spindle pole body and along short spindles; deletion mutants 
have short telomeres; forms a complex with Spc105p 
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YDR521W   S000002929 Dubious ORF that overlaps YDR520C; mutant increases 
expression of PIS1 and RPL3 in glycerol 
YCL007C   S000000513 Dubious ORF unlikely to encode a protein; overlaps verified 
ORF YCL005W-A; mutations in YCL007C were thought to 
confer sensitivity to calcofluor white, but this phenotype was 
later shown to be due to the defect in YCL005W-A 
YLR027C AAT2 S000004017 Cytosolic aspartate aminotransferase, involved in nitrogen 
metabolism; localizes to peroxisomes in oleate-grown cells 
YMR021C MAC1 S000004623 Copper-sensing transcription factor involved in regulation of 
genes required for high affinity copper transport 
YEL049W PAU2 S000000775 Part of 23-member seripauperin multigene family encoded 
mainly in subtelomeric regions, active during alcoholic 
fermentation, regulated by anaerobiosis, negatively regulated by 




14 Discussion of Chapter II 
The dual localization of Ath1 in the yeast S.cerevisiae, together with its protein 
domain property, raised the question about its targeting pathway to these two different 
compartments in the yeast cells.  
Ath1 is directly targeted to the vacuole bypassing the plasma membrane 
It is known that most vacuolar proteins have two independent pathways to reach  this 
organelle: The protein can be intracellularly targeted to the vacuole directly, or firstly secreted 
to the cell surface and then retrieved to the vacuole by endocytosis. Our analysis using 
specific mutant in either one of the two pathways (i.e. vps1∆ defective in intracellular 
targeting, and end3∆ defective in endocytosis) allowed us to conclude that Ath1 is directly 
targeted to the vacuole, in agreement with the recent conclusion by Huang et al. (2007). 
However, while these authors proposed that this targeting was mediated by its unique TM 
domain, we showed that deletion of the N-terminal 100 aa (including the TM domain) could 
also result in sending this truncated protein to the vacuole. This allow to propose that the 
catalytic domain of Ath1 has a potential vacuolar targeting property. In addition, we also 
showed that TM domain is important for the synthesis and stability of Ath1 but not sufficient 
for Ath1 secretion, which is utterly achieved by its N-terminal 131 aa. On the other hand, 
being variant to their results, we showed that vacuolar Ath1 does not play a role in exogenous 
trehalose assimilation for cell growth although a great amount of signal was detected under 
fluorescence microscopy, which may probably correspond to proteolytic fragment, thus 
indicating that Ath1 in this compartment is susceptible for degradation. Besides, the finding 
that the endocytosis mutant end3∆ could still grow on trehalose favors our proposed model of 
trehalose assimilation by Ath1 at the cell surface. 
 
Evidence that the classical secretion pathway takes part in the cell surface 
localization of Ath1 
Earlier study showed that Ath1 is a hyperglycosylated protein (Alizadeh and Klionsky, 
1996). In addition, two other hyperglycosylated protein, namely Suc2 and Ygp1, were 
reported to be co-purified with Ath1. Though this co-purification was shown to be purely 
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coincidental,  it indicated that, like Suc2, the classical secretory pathway is likely the pathway 
by which Ath1 is sent to the cell surface, even though amino acid sequence of this protein 
does not reveal any classical secretory signal peptide for secretion (Parrou et al., 2005). Our 
experimental approach using temperature sensitive ‘sec’ mutants initially isolated by Novick 
et al.(Novick et al., 1980) were not definitely conclusive. We found that Ath1 was blocked in 
an irregular punctual form which may probably correspond to the transport vesicles 
accumulated between ER and Golgi apparatus in sec18 mutant defective in the ER to Golgi 
targeting step. This block resulted in an inactive Ath1, which is probably due to the lack of 
further maturation in the Golgi apparatus. Results with sec6 mutant, defective in plasma 
membrane fusion of secretory vesicles deriving from the Golgi apparatus, indicated a partial 
effect of this mutation on Ath1 secretion. We speculated that other proteins may overcome for 
the absence of Sec6 function, such as other components of SNARE complex, Sso1 and Sso2. 
However, deletion of either encoding genes did not affect Ath1 secretion, nor overexpression 
of these two genes could enhance the targeting of Ath1 at the cell surface. As a result, and as a 
perspective work, it would be interesting to creat double-deletion of these genes in sec6 
mutant and to see whether Ath1 secretion would be totally blocked or not. However, we could 
not exclude the possibility of other proteins participating at this last step in the secretory 
pathway. On the other hand, our global approach for genes whose defect prevent growth on 
trehalose suggested a potential role of the clathrin-coated vesicles in the transport of Ath1. So 
far, this trafficking event is well known for endocytosis, vacuolar targeting and retention of 
resident Golgi membrane proteins. Since we have found that Ath1 is functionally localized at 
the cell surface, we can exclude the first two possibilities. Therefore we propose that Golgi 
membrane proteins might play an important role in the maturation of Ath1, or else they might 
be essential for Ath1 sorting from Golgi compartment to the cell surface. Thus we could 
propose that clathrin-coated vesicles trafficking may also occur in the cell surface targeting 
















For a long time since the discovery of Ath1 in S.cerevisiae, a controversy has been 
raised on the localization of this protein, notably in respect to its role for growth on exogenous 
trehalose. First Ath1 was considered to be localized in the vacuole because of its optimal pH 
as well as that a cell fraction that were apparently enriched with vacuole presented acid 
trehalase activity (Keller et al., 1982). This vacuole localization was further supported by live 
cell imaging of a strain overexpressing GFP-Ath1. This fusion protein was exclusively 
detected in the vacuole (Huang et al., 2007). However, their approaches had shortcomings 
which would possibly lead to a artifact of localization of Ath1. Furthermore, this localization 
contrast with Ath1’s physiological function, which plays a major role in exogenous trehalose 
assimilation. Thus we had no easy explanation to the question: how vacuolar Ath1 gains 
access to its exogenous substrate. On the contrary, Jules et al. (2004) found a measurable 
Ath1 activity on S.cerevisiae intact cells, which firstly brought out a new concept of 
localization of Ath1 based on biochemical method. This proposition of the localization of 
Ath1 would be more consistent to its physiological function. As a result, in order to clarify 
this controversy, we decide to revisite the problem of localization of Ath1 in S.cerevisiae by 
combining biochemical and molecular cell biological approaches in this thesis. 
Fluorescence microscopy of Ath1 was also performed in our study, whereas being 
different to the approach used by Huang et al. (2007), we constructed ATH1-GFP or ATH1-
mCherry in the chromosomal ATH1 locus whose expression was controled by its endogenous 
promoter, This improved strategy avoided the possibility of the mis-localization of proteins 
caused by overexpression. In addition, we fused the fluorescent protein at the C-terminus of 
Ath1 in order not to affect the targeting information which are possibly present at the N-
terminal end of the protein. We clearly observed a fluorescent signal at the cell surface, as 
well as in the vacuole. This result indicated that Ath1 is a dual localizated protein, refering to 
vacuole and cell surface localization. 
Then we came to a question: are these two localization of Ath1 responsible for its 
physiological function? We further investigated the function of Ath1 in these two cell 
compartments by constraining this protein to one of these compartments, as well as using 
mutant (vps4∆) to block targeting to its destinated compartment. Results of these work lead us 
to draw to the conclusion: only the cell surface localized Ath1 is responsible for hydrolyzing 
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exogenous trehalose for cell growth, while vacuolar Ath1 aparrently has a proteolysis 
problem. 
Since a cell surface localization was convincing in our study, we consequently come 
to other questions about the determination motif of Ath1 for its secretion to cell surface, as 
well as the possible targeting pathway. 
In searching for the secretion domain of Ath1, we took advantage of internal-invertase 
system, in which the signal peptide of invertase was absent which lead to an incapacity of 
invertase secretion. By fusing different length of Ath1 fragment to this internal-invertase, we 
finally found that the N-terminal 131 aa of Ath1 (including the unique TM domain) is 
sufficient for protein secretion. Further more, the TM domain was proven to have crucial role 
in the expression of Ath1, especially in the protein synthesis step or is essential for the 
stability of Ath1. 
Secretion mechanism of Ath1 was studied in two aspects according to its dual cellular 
localization in S.cerevisiae. First, we analysed into the vacuolar targeting pathway of Ath1, 
and confirmed the finding of Huang et al. (2007) that Ath1 was targeted to the vacuole via 
MVB pathway. However, we disagree with their conclusion that the the unique TM domain 
alone has this targeting ability, as in our work, even a deletion of the N-terminal 100 aa 
(including the TM domain) resulted in sending this truncated protein to vacuole. This 
indicated that the catalytic domain of Ath1 has also potential vacuolar targeting property. The 
second aspect concerned the mechanism by which Ath1 is targeted at the cell surface. Since 
Ath1 was found to be glycosylated which generally took place in the ER-Golgi compartment, 
it is proposed that Ath1 could possibly be secreted via the classical secretory pathway. In this 
work, we provided some evidence, yet not totally conclusive about the role of classical 




Since the pathway for cell surface Ath1 targeting is still unclear , it will be necessary 
to complement our work on this crucial question. First, according to our results concerning 
sec mutants, we need to have a control protein which is well known to follow the classical 
secretory pathway in order to verify our applied experimental methods. Then some other sec 
mutants should be studied in order to further clarify each step of secretion of Ath1. Especially 
the mutants involved in the last step of secretion in the Golgi-plasma membrane level. It is 
still possible that the secretion of Ath1 depends on other proteins that belong to the last step of 
classical secretory pathway. This could be achieved by extending our screening with 
conditional mutants of the BY collection, in which the essential genes like SEC are under the 
regulatable tetracycline promoter (Herrero, 2003), since our current mutant collection used for 
screening does not include essential gene for growth. 
From another structural aspect relative to Ath1, we could also focus on its large C-
terminal extension (approx. 300 aa), the function of which is still unknown. We indeed 
studied in our work the N terminal part of Ath1 that carry most, if not all of the secretion 
information. Sequence alignments indicate that the catalytic domain might be restricted to the 
median part of the sequence (GH_65N, GH_65m and GH_65C), but this assumption has 
never been validated experimentally. As a preliminary experimental approach, we could 
perform a simple deletion of this C-terminus, examining functional complementation of ath1 
mutant with, and catalytic properties of this truncated version of Ath1. In the absence of 
phenotype, we may then question on the function of this large domain, especially on its 
putative regulatory functions, since this C terminal extension is also present in all other 
trehalase sequences reported in group I (Table 2), which probably reflects evolutionary, 
important  conserved function. 
Another perspective could be drawn to the problem of growth on trehalose and the 
Kluyver effect. Could it be possible to convert cell growing on trehalose to fermentative 
growth by engineering expression / activity of ATH1? This approach would be also an asset 
for identifying components mediating the targeting of Ath1 to the cell surface. It is worth to 
note that the growth of S.cerevisiae on sucrose is fermentative, which is probably due to the 
fact that Suc2 is sent to the cell surface and is highly active there. Thus, could this also be 
192 
 
possible for Ath1, since expression of SPsuc2-Ath1 under SUC2 promoter resulted in a much 
better localization at cell surface and faster growth rate on trehalose. 
While studying trehalose assimilation mechanism and underlying physiology of yeast 
cells (Jules et al., 2004; Jules et al., 2005), Jules et al. found  that extracellular cleavage of the 
disaccharide  mimics glucose-limited continuous cultures in which the rate of glucose feeding 
fixes the specific growth rate (i.e., dilution rate). They proposed that batch growth of yeast on 
trehalose could be an alternative to labor-intensive glucose-limited chemostat cultures, 
particularly when screening large collections of mutant cells. This has been recently and 
elegantly validated in our lab for metabolic analyses of many mutants from the purine salvage 
pathway following glucose upshift (Walther, in press). As another interesting perspective of 
our works, we could now propose to better control the amount of Ath1 at the level of gene 
expression (transcription and/or secretion efficiency). We may therefore provide researchers 
with a series of engineered strains (tools) to monitor the rate of extracellular trehalose 
















15  Strains, plasmids, primers, media, culture conditions 
and strain conservation 
15.1 Strains  
Table 6 strain list 
Strain Genotype Background 
BY4741 MAT a  his3-∆1  leu2-∆0  ura3-∆0  met15-∆0 BY family 
BY4742 MAT alpha his3-∆1 leu2-∆0 lys2-∆0 ura3-∆0 BY family 
SEY6210 MAT a  his3-∆300  leu2-3,112  lys2-801  trp1-901  
ura3-52  suc2-∆9 
gift of H. Bussey 
WT6 MAT a ura3-52 (Goud et al., 1988) 
sec6 MATa ura3-52 sec6-4 (Goud et al., 1988) 
WT18 MATa his4 leu2 ura3 (Raths et al., 1993) 
sec18 MATa his4 leu2 ura3 bar1-1 sec18 (Raths et al., 1993) 
hxt1-7∆ MATa hxt1-7 (Wieczorke et al., 1999) 
hxt1-17∆ MATa hxt1-17 gal2 (Wieczorke et al., 1999) 
PJ69-4A MATa his3-∆200 leu2-∆3 trp1-901 ura3-52 gal4∆ 
gal80∆ LYS::GAL1-HIS3 GAL2-ADE2 met2::GAL2-
lacZ 
(James et al., 1996) 
vps4∆ MAT a  his3-∆1  leu2-∆0  ura3-∆0  met15-∆0  
vps4∆::KanMX4 
BY family 
vps1∆ MAT a  his3-∆1  leu2-∆0  ura3-∆0  met15-∆0  
vps1∆::KanMX4 
BY family 
end3∆ MAT alpha his3-∆1 leu2-∆0 lys2-∆0 ura3-∆0 
end3∆::KanMX4 
BY family 
pep4∆ MAT a  his3-∆1  leu2-∆0  ura3-∆0  met15-∆0  
pep4∆::KanMX4 
BY family 
ath1∆ MAT a  his3-∆1  leu2-∆0  ura3-∆0  met15-∆0  
ath1∆::KanMX4 
this study 
ygp1∆ MAT a  his3-∆1  leu2-∆0  ura3-∆0  met15-∆0 
ygp1∆::NatMX4 
this study 
sso1∆ MAT a  his3-∆1  leu2-∆0  ura3-∆0  met15-∆0  
sso1∆::KanMX4 
this study 
sso2∆ MAT a  his3-∆1  leu2-∆0  ura3-∆0  met15-∆0  
sso1∆::KanMX4 
this study 
mnn10∆ MAT a  his3-∆1  leu2-∆0  ura3-∆0  met15-∆0  
mnn10∆::KanMX4 
this study 
mnn11∆ MAT a  his3-∆1  leu2-∆0  ura3-∆0  met15-∆0  
mnn11∆::KanMX4 
this study 
ATH1_GFP MAT a  his3-∆1  leu2-∆0  ura3-∆0  met15-∆0  ATH1-
GFP-His3MX6 
this study 
ATH1_mCherry MAT a  his3-∆1  leu2-∆0  ura3-∆0  met15-∆0  ATH1-
mCherry-His3MX6 
this study 









MAT a  his3-∆1  leu2-∆0  ura3-∆0  met15-∆0  
vps4∆::KanMX4  ATH1-mCherry-His3MX6 
this study 
SGA1_mCherry MAT a  his3-∆1  leu2-∆0  ura3-∆0  met15-∆0  SGA11-
mCherry-His3MX6 
this study 





BY4741 (MAT a his3-∆1 leu2-∆0 ura3-∆0 met15-∆0), BY4742 (MAT α his3-∆1 leu2-
∆0 lys2-∆0 ura3-∆0) and SEY6210 (MAT a his3-∆200 leu2-3,112 lys2-801 trp1-901 ura3-52 
suc2-∆9) were used as recipient strains for various gene constructs as described in Table 6. 
PJ69-4A (MATa his3-∆200 leu2-∆3 trp1-901 ura3-52 gal4∆ gal80∆ LYS::GAL1-HIS3 GAL2-ADE2 
met2::GAL2-lacZ) was a recipient strain for two-hybrid test. WT6 (MAT a ura3-52), sec6 (MATa 
ura3-52 sec6-4), WT18 (MATa his4 leu2 ura3) and sec18 (MATa his4 leu2 ura3 bar1-1 sec18) 
were temperature sensitive strains defective in classical serectory pathway, and their 
corresponding wild type strains.  
Mutant strains 
The hxt1-7∆ and hxt1-17∆ glucose uptake mutants were offered kindly by E. Boles. 
The vps1∆, vps4∆ and pep4∆ mutants used in this work derived from the Yeast Knock-Out 
strains collection (YKO strain collection, BY background). The end3∆ mutant was a gift from 
Sebastien Leon (BY background). 
The ath1∆, ygp1∆, sso1∆, sso2∆, mnn10∆ and mnn11∆ null mutants were constructed 
by replacing the gene of interest by selective cassettes KanMX4 or NatMX4 by homologous 
recombination in vivo. Plasmid JF969 and JF993 concerning pGEM-T-ath1∆::KanMX4 and 
pGEM-T-ygp1∆::NatMX4 respectively were digested by NotI, and a NotI-NotI fragment 
containing cassettes ath1∆::KanMX4 or ygp1∆::NatMX4 were transformed into BY4741 to 
obtain ath1∆ or ygp1∆ mutants.  
For sso1∆, sso2∆, mnn10∆ and mnn11∆ mutants, primers (Table 8) were used to 
amplify KanMX4 cassette from plasmid JF969: sso1∆_D and sso1∆_R, sso2∆_D and 
sso2∆_R, mnn10∆_D and mnn10∆_R, mnn11∆_D and mnn11∆_R. 50 bases in the 5' end of 
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each forward and reverse primers is homologous to the first and last 50 bases of 
corresponding genes’ coding region, respectively. 
Construction of tagged strains 
The GFP-His3MX6, mCherry-His3MX6 cassette that contains the gene encoding the 
fluorescent protein GFP or mCherry, were amplified from plasmid pFA6a-GFP-His3MX6 or 
pFA6a-mCherry-His3MX6 (kind gift of S. Bachellier-Bassi, see plasmid list Table 7). 
Primers F2_ATH1 and R1_ATH1 were used for amplifying cassettes GFP-His3MX6_ATH1 
and mCherry-His3MX6_ATH1, which were integrated into the genome of the wild strain 
BY4741 or vps4∆ mutant by homologous recombination, for C-terminal tagging of Ath1 with 
GFP or mCherry. Same strategy has been used for C-terminal tagging Ygp1 with mCherry or 
HA.  F2_YGP1 and R1_YGP1 were used for amplifying cassettes mCherry-His3MX6_YGP1 
and HA-KanMX6_YGP1 from the plasmids pFA6a-mCherry-His3MX6 or pFA6a-3HA-
KanMX6, which were integrated into the locus of YGP1 of BY4741 or BY4742 by 
homologous recombination. Similarly, primers F2_SUC2 and R1_SUC2, F2_SGA1 and 
R1_SGA1 were implicated to amplify the mCherry-His3MX6_SUC2 and mCherry-
His3MX6_SGA1 cassettes from pFA6a-mCherry-His3MX6, and transformed into BY4741 in 




Table 7 Plasmid list 
Plasmid Discription Background 
YCplac33 centromeric plasmid (Gietz and Sugino, 1988) 
YEPlac195 2µ multi-copy plasmid (Gietz and Sugino, 1988) 
YEPlac195 PGK/CYC1 2µ multi-copy plasmid containing a 
strong PGK promoter for overexpression 
Parrou, JL 
pLC1 centromeric plasmid, containing SUC2 
ORF 
(Castillo et al., 2008) 
pSC1 centromeric plasmid, containing  suc2ic 
allele without sequences coding signal 
peptide 
(Castillo et al., 2008) 
pUG36 for a N-terminal GFP fusion 
construction under promoter MET25 
Gift of Hegemann JH 
pFA6a-GFP-His3MX6 as a PCR template for amplifying GFP 
sequence 
(Wach et al., 1994) 
pFA6a-mCherry-His3MX6 as a PCR template for amplifying 
mCherry sequence 
S.Bachellier-Bassi 
pFA6a-CFP-KanMX6 as a PCR template for amplifying CFP 
sequence 
S.Bachellier-Bassi 
pFA6a-3HA-KanMX6 as a PCR template for amplifying 3HA 
sequence 
(Wach et al., 1994) 
pFA6a-KanMX6-PGAL1 as a PCR template for amplifying the 
promoter GAL1 
(Wach et al., 1994) 
pGAD424 for two hybrid system with activating 
domain 
Clontech 





pATH1 ATH1 ORF with its promoter and 
terminator cloned in YCplac33 
this study 
path1∆N ATH1 variant without 5'-end 300 nt 
cloned in YCplac33 
this study 
path1∆TM ATH1 variant without 5'-end 139-207 nt 
coding TM domain (aa 47-69) cloned in 
YCplac33 
this study 
pSPSUC2-ath1∆N to express a chimeric protein with the 
signal peptide of invertase fused to 
Ath1∆N 
this study 
pSPPEP4-ath1∆N to express a chimeric protein with the 
signal peptide of Pep4 fused to Ath1∆N 
this study 
pSPSGA1-ath1∆N to express a chimeric protein with the 
signal peptide of Sga1 fused to Ath1∆N 
this study 
pHA-ATH1 to express a chimeric protein with HA 
tag in the N-terminus of Ath1 
this study 
pHA-ath1∆TM to express a chimeric protein with HA 
tag in the N-terminus of Ath1∆TM 
this study 
pHA-ath1∆3K HA-ATH1 variant without 5'-end 4-6nt, 




lysine residues (aa 2nd, 27th and 37th) 
cloned in YCplac33 
pPGAL1-HA-ATH1 to express a chimeric protein with HA 
tag in the N-terminus of Ath1 under 
promoter PGAL1 
this study 
pPGAL1-HA-ath1∆TM to express a chimeric protein with HA 
tag in the N-terminus of Ath1∆TM 
under promoter PGAL1 
this study 
pGFP-ATH1 To over-express the chimeric protein 
GFP-Ath1 
this study 
pATH1-mCherry To express the chimeric protein Ath1-
mCherry under its native promoter 
this study 
pHA-ath1∆3K-mCherry To express the chimeric protein Ath1-
mCherry with 3 lysine residues at the N-
terminus mutated  
this study 
path1∆N-mCherry bearing mCherry at the 3'-end of ath1∆N this study 
pSPSUC2-ath1∆N-mCherry bearing mCherry at the 3'-end of 
SPSUC2-ath1∆N 
this study 
pSPPEP4-ath1∆N-mCherry bearing mCherry at the 3'-end of 
SPPEP4-ath1∆N 
this study 
pSPSGA1-ath1∆N-mCherry bearing mCherry at the 3'-end of 
SPSGA1-ath1∆N 
this study 
pSC1-ATH1 ATH1 ORF fused to 5'-end of suc2ic 
allele 
this study 
pSC1-PSUC2-ATH1 ATH1 ORF fused to 5'-end of suc2ic 
allele, expressed under the promoter of 
SUC2 
this study 
pSC1-N ATH1 5’-end 395 nt fused to 5'-end of 
suc2ic allele 
this study 
pSC1-TM ATH1 5’-end 209 nt fused to 5'-end of 
suc2ic allele 
this study 
pSC1-tm ATH1 5’-end 140 nt fused to 5'-end of 
suc2ic allele 
this study 
pSC1-ath1∆TM ath1∆TM fused to 5'-end of suc2ic allele this study 
pSC1-N∆TM ATH1 5’-end 395 nt with a gap of 139-
207 nt coding TM domain (aa 47-69) 
fused to 5'-end of suc2ic allele 
this study 
pN-mCherry ATH1 5’-end 395 nt fused to 5'-end of 
mCherry 
this study 
pN∆TM-mCherry ATH1 5’-end 395 nt with a gap of 139-
207 nt coding TM domain (aa 47-69) 
fused to 5'-end of mCherry 
this study 
pPGAL1-HA-ATH1-mCherry to express a chimeric protein with 
mCherry tag in the C-terminus of HA-
Ath1 
this study 
YEPlac195-SSO1 to overexpress Sso1 this study 
YEPlac195-SSO2 to overexpress Sso2 this study 
YEPlac195-PGK/CYC1-YGP1 to overexpress Ygp1 this study 
pPSUC2-ATH1 to express Ath1 under the promoter of 
SUC2 
this study 
pPTDH3-ATH1 to express Ath1 under the strong Jules, M 
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promoter of TDH3 
pGAD424-ATH1 for two hybrid system with Ath1 binding 
to activating domain 
this study 
pOBD80-YGP1 for two hybrid system with Ygp1 
binding to binding domain 
this study 
pGAD424-YGP1 for two hybrid system with Ygp1 
binding to activating domain 
this study 
pOBD80-ATH1 for two hybrid system with Ath1 binding 




pATH1, path1∆TM, path1∆N and pPSUC2-ATH1 
Primers ATH1_-1000_BH and ATH1_+508 (primers list see Table 8) were used for 
the amplification of a DNA fragment carrying ATH1 gene and its promoter and terminator 
from extracted genomic DNA of BY4741. This PCR product was first cloned in pGEM-T-
easy vector and a cut BamHI/PstI fragment was inserted into centromeric YCplac33 
(linearized by BamHI and PstI) to construct pATH1 (plasmids list see Table 7). The 
mutagenesis of TM domain of Ath1 was carried out using the 4 nucleotides recombinant PCR 
method (Pont-Kingdon, 1994). The use of ATH1_A and ATH1_D external primers together 
with the internal mutagenic primers ATH1_B and ATH1_C, led to the deletion of nucleotides 
139 - 207 that encode the transmembrane domain of Ath1. The recombinant PCR fragment 
was cloned into the pGEM-T-easy vector and cut by AgeI / AflII digestion to replace the AgeI-
AflII fragment in pATH1, which yielded to path1∆TM. The same method was used for the 
construction of path1∆N, with the primers ATH1_E, ATH1_F, ATH1_G and ATH1_D that 
lead to the deletion of nucleotides 1-300 of ATH1 sequence. 
ATH1 promoter in pATH1 was changed to SUC2 promoter to obtain pPSUC2-ATH1. 
SUC2 promoter sequence was amplified by using the primers SUC2_promoter_D (5’end 46 
bp are homologous to the sequence in the vector YCplac33) and SUC2_promoter_R (5’end 
50bp are homologous to the first 50bp of ATH1 coding sequence). Linearized pATH1 (by 
SnaBI) and SUC2 promoter PCR product were co-transformed into the yeast cell for 
homologous recombination in vivo. 
 
pSPSUC2-ath1∆N, pSPPEP4-ath1∆N, pSPSGA1-ath1∆N 
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To fuse the signal peptide of Suc2 to the catalytic domain of Ath1, the following 
constructions were carried out using the centromeric plasmid pLC1 containing the SUC2 gene 
(1602 bp) flanked of its own promoter (del Castillo Agudo et al., 1992). The plasmid 
pSPSUC2-ath1∆N plasmid was constructed by replacing the fragment coding the catalytic 
domain of invertase, which starts from the 112th nucleotide to the stop-codon (remaining 5’-
end fragment including the region coding signal peptide of Suc2) of SUC2 in pLC1 by ath1 
allele without its 5’-end 300bp (Figure 46). To construct pSPPEP4- ath1∆N and pSPSGA1- 
ath1∆N, SUC2 ORF in pLC1 was replaced by PEP4 (1218bp) or SGA1 (1650bp) ORF, which 
were amplified by using the primers PEP4_D and PEP4_R or SGA1_D and SGA_R, 
respectively. The 3’-end (951bp) fragment encoding the catalytic domain of Pep4, was 
removed and replaced by ath1 allele without its 5’-end 300bp (amplified by using primers 
ATH1_pep4 and ATH1_pLC1) in order to yield pSPPEP4-ath1∆N. The 3’-end (1452bp) 
fragment encoding the catalytic domain of Sga1, was removed and replaced by ath1 allele 
without its 5’-end 300bp (amplified by using primers ATH1_sga1 and ATH1_pLC1) in order 
to yield pSPSGA1-ath1∆N (Figure 38). 
 
pSC1-ATH1 series 
Plasmids bearing Ath1 truncated fusion proteins in frame to the intracellular invertase 
encoded by suc2ic allele were constructed by using another centromeric plasmid pSC1 
containing a suc2ic allele lacking its signal sequence (del Castillo Agudo et al., 1992): Using 
the plasmid pATH1 as template, PCR fragments containing 1000bp of ATH1 promoter 
sequence and part of 5’-end of ATH1 coding sequence were obtained using ATH1_-1000_BH 
as forward primer and the following reverse primers: ATH1_3632_BH for amplification of 
full length ATH1 coding sequence (without the stop codon); ATH1_395_BH for “N” 
construct that carries an allele version of ATH1 that stops just before the catalytic domain of 
Ath1 (amino acid 131); ATH1_209_BH for “TM” construct that stops just after the 
transmembrane domain of Ath1 (at amino acid residue 69); and ATH1_140_BH for “tm” 
construct that stops just before the transmembrane domain (amino acid residue 41). Similarly, 
using path1∆TM as template, ATH1_-1000_BH forward primer together with 
ATH1_3632_BH and ATH1_395_BH were used to get “ath1∆TM” and “N∆TM” constructs, 
respectively. In order to achieve in frame fusion with suc2ic allele, all these PCR fragments 
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were cloned in pGEM-T-easy vector and excised by BamHI digestion for subcloning into the 
BglII site of pSC1 to produce plasmids pSC1-ATH1, pSC1-N, pSC1-TM, pSC1-tm, pSC1-
ath1∆TM and pSC1-N∆TM, respectively. pSC1-PSUC2-ATH1 was achieved by replacing the 
ATH1 promoter by SUC2 promoter, which was amplified using the primers 
SUC2_promoter_D and SUC2_promoter_R, in pSC1-ATH1. This replacement was carried 
out by co-transforming linearized pSC1-ATH1 (by SnaBI) and SUC2 promoter PCR product 
bearing 50 bp at both ends homologous to exterior conjugating part to ATH1 promoter (5’end 
50 bp are homologous to the sequence in the vector pSC1, 3’end 50bp are homologous to the 
first 50bp of ATH1 coding sequence).  
 
pHA-ATH1, pHA-ath1∆TM, pHA-ath1∆3K and pPGAL1-HA-ATH1, pPGAL1-HA-
ath1∆TM 
Ath1 was tagged with 3HA at the N-terminal end by inserting 3HA after the start 
codon ATG of ATH1. For this purpose, two rounds of the recombinant PCR method were 
successively carried out. First, we fused ATH1 promoter (amplified by primers ATH1_1 and 
ATH1_2) and the 3HA (amplified by primers HA_D and HA_R, using pFA6a-3HA-KanMX6 
as template) by using ATH1_1 and HA_R as external primers. Second, this recombinant PCR 
product was fused to an ATH1 5’-end PCR product (amplified by primers ATH1_3 and 
ATH1_4) using ATH1_1 and ATH1_4 as external primers. This final HA-tagged PCR 
fragment was cloned into the pGEM-T-easy vector and was then excised by SnaBI/AgeI to 
replace the SnaBI-AgeI fragment in pATH1 and path1∆TM, respectively, to get pHA-ATH1 
and pHA-ath1∆TM. 
Mutagenesis of three lysine residues of Ath1 were carried out using the 4 nucleotides 
recombinant PCR method (Pont-Kingdon, 1994) for three independent rounds by taking pHA-
ATH1 as the matrix. The use of “ATH1_E and ATH1_D” external primers together with the 
internal mutagenic primers “ATH1_3_HA_R and ATH1_7_HA_D”, led to the deletion of 
nucleotides 4-6 (aa 2) that encode the first lysine residue. Similary, same external primers 
together with internal primers “ATH1_78_R and ATH1_82_D” or “ATH1_108_R and 
ATH1_112_D” were used for deleting the nucleotides 79-81 (aa 27)  or 109-111 (aa 37) 
encoding  the second or third lysine residue, respectively. Thus, pHA-ath1∆3K was generated. 
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Using the plasmid pFA6a-KanMX6-PGAL1 as template, primers PGAL_D and 
PGAL_R were used for amplifying the GAL1 promoter cassette. This PCR product was co-
transformed into yeast cells with SnaBI-linearized plasmids pHA-ATH1 or pHA-ath1∆TM, 
respectively. Cells carrying recombinant plasmids pPGAL1-HA-ATH1 or pPGAL1-HA-
ath1∆TM, which express the HA-tagged versions of Ath1 under the strong promoter GAL1 
were selected in the absence of uracil. 
 
YEPlac195-SSO1, YEPlac195-SSO2 and YEPlac195- PGK/CYC1-YGP1 
Primers SSO1_D and SSO1_R, SSO2_D and SSO2_R were used for the amplification 
of SSO1 and SSO2 ORF together with their promoters and terminators from extracted 
genomic DNA of BY4741. Both PCR products were first cloned in pGEM-T-easy vector and 
BamHI/EcoRI fragments were excised and inserted into multicopy 2µ vector YEPlac195 
(linearized by BamHI and EcoRI) to construct YEPlac195-SSO1 and YEPlac195-SSO2, 
respectively. 
Primers YGP1_D and YGP1_R were used for amplifying YGP1 ORF from extracted 
genomic DNA of BY4741. This PCR product was also first cloned in pGEM-T-easy vector 
and a cut BamHI/ PstI fragment was inserted into multicopy 2µ vector YEPlac195-
PGK/CYC1 (linearized by BamHI and PstI) to construct YEPlac195-PGK/CYC1-YGP1. 
 
pGAD424-ATH1, pGAD424-YGP1, pOBD80-ATH1 and pOBD80-YGP1 
Primers “ATH1_2H_D and ATH1_2H_R” and “YGP1_2H_D and YGP1_R” were 
used for amplifying ATH1 and YGP1 coding sequence (without the first nucleotide in order to 
be in frame of activating or banding domains in receptor vectors pGAD424 and pOBD80; 
stop coden included) from extracted genomic DNA. These two PCR products were first 
cloned into pGEM-T-easy vector and excised by BamHI and PstI. Each fragment was inserted 
into linearized vector pGAD424 and pOBD80 (cut by BamHI and PstI). These cloning steps 






ATH1 was amplified from the plasmid pATH1 by using the primers 
ATH1_pUG36_D and ATH1_pUG36_R. This PCR product was first cloned in pGEM-T-easy 
vector and a cut SpeI/SmaI fragment was inserted into plasmid pUG36 (linearized by SpeI and 
SmaI) to construct pGFP-ATH1.  
 
pATH1-mCherry, path1∆N-mCherry, pHA-ath1∆3K-mCherry and pPGAL-HA-ATH1-
mCherry 
Plasmids pATH1-mCherry, path1∆N-mCherry, pHA-ath1∆3K-mCherry and 
pPGAL1-HA-ATH1-mCherry were constructed by in vivo homologous recombination after 
co-transformation of yeast cells with the mCherry-His3MX6_ATH1 PCR cassette together 
with plasmids pATH1, path1∆N, pHA-ath1∆3K or pGAL1-HA-ATH1, and selection of the 
recombinant plasmid in the absence of both uracil and histidine. In order to cast aside of the 
cells which has the recombination in the chromosome, colonies were first grown in the 
Proline-5FOA agar (see in Media and culture conditions section) for 2days to eliminate the 
plasmid, and then selected again in the absence of histidine. Those that did not grow in the 
absence of histidine were the right colony with the recombinant plasmid. 
 
pSPSUC2-ath1∆N-mCherry, pSPPEP4-ath1∆N-mCherry and pSPSGA1-ath1∆N-mCherry 
Similarly, co-transformation of a mCherry-His3MX6 PCR cassette that was obtained 
from primers F2_ATH1 and R1_pLC1, together with pLC1 derivative plasmids described 
above led to mCherry-tagged versions of Ath1 chimeric variants, i.e. pSPSUC2-ath1∆N-
mCherry, pSPPEP4-ath1∆N-mCherry and pSPSGA1-ath1∆N-mCherry. 
 
pN-mCherry and pN∆TM-mCherry 
The two plasmids pN-mCherry and pN∆TM-mCherry were obtained by replacing the 
suc2ic allele sequence by mCherry in plasmids pSC1-N and pSC1-N∆TM by homologue 
recombination in vivo. This was carried out by co-transformation into yeast cells of a mCherry 
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PCR cassette (amplified by primers mCherry-pSC1_D and mCherry-pSC1_R), together with 




Table 8 Primer list 



















ATH1_-1000_BH  GCGGATCCGTATGACCACATTCTATACTGA 
ATH1_+508  GAGCCAATATCAAATCTGGTGGTAATCC 
ATH1_A  GAGGAACAAAAATAGTACCGGTAATAAC 
ATH1_B GTAAGCCTGGAACTCTTTGT GTCAAACCTTGAGAAAGAAC 
ATH1_C GTTCTTTCTCAAGGTTTGAC ACAAAGAGTTCCAGGCTTAC 
ATH1_D CAAATCTATGATTTCTTAAGGGCCA 
ATH1_E AGCAAGCACTACGTATCACGACAAACCAAC 
ATH1_F GCTTCTGGATCGTAGTTCAA CATTATTGGAATGAGGAAAT 
ATH1_G ATTTCCTCATTCCAATAATG TTGAACTACGATCCAGAAGC 
ATH1_3632_BH  GGATCCTCATTGAGAACAATTTCCTTGA 
ATH1_395_BH  GGATCCATCATGTTCTCATCATCATAATATG 
ATH1_209_BH  GGATCCGTTAAATATAATGCAGTGACGAAGATA 





HA_D ATTTCCTCATTCCAATAATG TACCCATACGATGTTCCTG 
HA_R CAAAGCGATCTTATTCTTTT AGCGTAATCTGGAACGTC 
ATH1_1 ACTACGTATCACGACAAACCAACAGCCG 
ATH1_2 TCAGGAACATCGTATGGGTA CATTATTGGAATGAGGAAA 























































ATH1_3_HA_R AACCAAAGCGATCTTATTCT AGCGTAATCTGGAACGTCAT 
ATH1_7_HA_D ATGACGTTCCAGATTACGCT AGAATAAGATCGCTTTGGTT 
ATH1_78_R GAGTTATTACCGGTACTATT GTTCCTCAAACTAGGAGAAT 
ATH1_82_D ATTCTCCTAGTTTGAGGAAC AATAGTACCGGTAATAACTC 
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ATH1_108_R CTTGAGAAAGAACGATAATT AGAGCGAGAGTTATTACCGG 








15.4 Media and culture conditions 
15.4.1 For bacteria 
15.4.1.1 Media 
LB Media (for bacteria) 
Tryptone (1%)      10g  
Yeast extract (0.5%)     5g 
NaCl (0.5%)      5 g 
Bacto-agar (2%)     20 g (For solid media) 
Water                     1 litre 
Sterilize at 121°C for 20 min 
 
LB + Ampicilline 
Add Ampicilline (Sigma, No. A9518) to LB medium to a final concentration of 150 µg/ml 
when temperature has dropped to < 60°C. Ampicilline was prepared as a 150 mg/ml stock in distilled 
water (steriled by filtration) and stored at -20 °C. 
 
Amp+IPTG+X-Gal plate 
Add 100 mM IPTG to one LB+Amp plate                        50µl 
Add 20mg/ml X-Gal to one LB+Amp plate                      50µl 
Spread them with glass spreader 
IPTG (Euromedex, No. EU0008-B) was prepared in distilled water as a 100 mM stock 
(steriled by filtration), and X-Gal (Euromedex, No.B7150) was prepared in dimethylsulfoxide 
(DMSO) as a 20 mg/ml stock solution. Both solutions were stored at -20 °C. 
 
15.4.1.2 Culture condition for bacteria 
Bacteria Escherichia coli DH5α cells were grown in liquid media at 37°C with shaking speed 




15.4.2 For yeasts 
15.4.2.1.1 Media 
15.4.2.1.2 Complete rich media 
YPD (YEPD, YP Dextrose)  
YPD is a complete rich medium for routine growth. 
For 1 liter  
Bacto-yeast extract (1%)             10 g 
Bacto-peptone (2%)              20 g  
Glucose (2% )                           20 g 
Bacto-agar (2%)              20 g (For solid media) 
Distilled water                           to 1000 ml  
 
G418 rich medium 
Add geneticine (G418) (Wach et al., 1994) to YPD to reach a final concentration of 200µg/ml 
when temperature has dropped to < 60°C. A 500 × G418 stock solution was made by dissolving G418 
powder (Roche, No. 1464990) in distilled water, followed by filter-sterilization and storage at -20 °C. 
 
ClonNAT rich medium 
Add nourseothricin (NAT) (Hentges et al., 2005) to YPD to reach a final concentration of 
100µg/ml when temperature has dropped to < 60°C. A 1000 × nourseothricin stock solution was made 
by dissolving ClonNAT powder (Werner Bioagents, No. 96736-11-7) in distilled water, followed by 
filter-sterilization and storage at -20 °C. 
 
YPS (YP Sucrose) and YPA (YP Acetate) 
For 1 liter  
Bacto-yeast extract (1%)             10 g 
Bacto-peptone (2%)              20 g  
Sucrose (2%) or Sodium Acetate           20 g 
Bacto-agar (2%)              20 g (For solid media) 




15.4.2.1.3 Minimal synthetic media 
Synthetic Defined (SD) minimal medium  
SD is a synthetic defined medium containing salts, trace elements, vitamins, synthetic 
nitrogen source, and carbon source. Such as YNB glucose medium that is a minimal synthetic media 
for routine growth. 
 
YNB glucose(Yeast nitrogen base + Glucose) 
For 1 liter 
Bacto-yeast nitrogen base w/o amino acids, w/o ammonium sulfate (0.17%)      1.7 g  
Ammonium sulphate (0.5%)       5 g 
Glucose (2%)         20 g  
Bacto-agar (2%, for solid medium)       20 g  
Distilled water         to 1000 ml 
 
Proline-5FOA  
Bacto-yeast nitrogen base w/o amino acids, w/o ammonium sulfate (0.17%)      1.7 g 
Glucose (2%)         20 g 
Bacto-agar (2%, for solid medium)       20 g  
Distilled water         to 1000 ml 
 L-Proline (0.1%)                    1 g 
5’-FOA (0.05%)                                                                                                      0.5g 
L-proline (Sigma, No. P1428) and 5’-FOA (TCR, No. F59500) are added to the medium when 
its temperature has dropped to < 60°C. 
*Note: The use of proline as a nitrogen soucre causes hypersensitivity to 5-fluoro-orotic acid 
(5FOA) and allows up to 40-fold less of this drug to be used to select for the loss of URA3 function in 
Saccharomyces cerevisiae (McCusker and Davis, 1991). 
 
Synthetic defined (SD) medium containing G418 and clonNAT 
Bacto-yeast nitrogen base w/o amino acids, w/o ammonium sulfate (0.17%)      1.7 g 
Monosodium glutamic acid (0.1%)                  1 g 
Glucose (2%)         20 g 
Bacto-agar (2%, for solid medium)       20 g  
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Distilled water         to 1000 ml 
 
G418 or clonNAT was added to a final concentration of 200µg/ml or 100µg/ml respectively to 
the medium after its temperature has dropped to < 60°C.  
*Note: Since ammonium sulfate impedes the function of G418 and clonNAT, synthetic 
medium containing these antibiotics was made with monosodium glutamic acid as a nitrogen source in 
stead. 
 
YNR (Yeast nitrogen base + Raffinose) and YNGal (Yeast nitrogen base + Galactose) 
For 1 liter 
Bacto-yeast nitrogen base w/o amino acids, w/o ammonium sulfate (0.17%)      1.7 g  
Ammonium sulphate (0.5%)       5 g 
Raffinose or galactose (2%)       20 g  
Bacto-agar (2%, for solid medium)       20 g  
Distilled water         to 1000 ml 
 
YNT (Yeast nitrogen base + Trehalose), pH4.8 
14.3g Succinic acid was added into 800ml distilled water, adjusted the pH to 4.8 with about 
6g Sodium hydroxide. Added the following 3 components to this buffered solution: 
Bacto-yeast nitrogen base w/o amino acids, w/o ammonium sulfate                       1.7 g 
Ammonium sulphate (0.5%)         5 g 
Trehalose (2%)                                       20 g 
Distilled water was added up to 1 liter, and autoclaved for 30 min at 115 °C. 
 
Drop-out mix 
Drop-out mix is a combination of the following ingredients minus the appropriate supplement. 
It should be mixed very thoroughly by turning end-over-end for at least 15 minutes. This solution must 
be sterilized by filtration. 
For 100 ml complete drop-out mix:  
L-arginine 0.2g; L-histidine 0.1g; L-isoleucine 0.6g; Leucine 0.6g; Lysine 0.4g; Phenylalanine 
0.6 g; Threonine 0.5 g; L-tryptophan 0.4 g; Methionine 0.1g. 
Prepare separately: 




Synthetic Complete (SC) medium is a SD medium supplemented with complete 
drop-out mix. 
To obtain SC medium, add the following amount to 1 liter SD medium: 
Complete drop-out mix               10 ml 
Uracile (1%)                                4ml 
Adenine (1%)                            1 ml 
Tyrosine (1%)                            5 ml 
 
15.4.2.2 Culture condition for yeasts 
Unless otherwise stated, yeast cells were grown in liquid medium at 30 °C in shaking 
flasks at a shaking speed of 170 rpm/min, or in solid agar at 30 °C in the incubater. 
 
15.5 Conservation of strains 
Exponential phase growing yeast cells were collected by centrifugation and suspended in YPD 
liquid medium containing 25% glycerol. They can be stored indefinitely at a temperature of -60°C 
or less. The yeast can be revived by transferring a small portion of the frozen sample onto a 
YPD plate.  
Yeast strains can be stored at 4°C for up to 6 months on slants prepared with YPAD medium. 
This method of storage is convenient since the slants take up little space, do not dry out, and contain 
excess adenine to prevent toxicity due to the red pigment produced by certain ade- mutants. 
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16  Molecular biology methods 
16.1 Cloning system 
16.1.1 PCR 
PCR was carried out on the Bio-Rad My cyclerTM thermal cycler or HyBaid PCR 
Express. 
16.1.1.1 Using Taq DNA polymerase (Biolabs, No. M0267S) 
PCR system: 
• Plasmid or genomic DNA as template: ~100 ng  
• Primers: 0.25 µM final 
• dNTP: 0.25 mM final 
• Thermol Pol Buffer (containing MgCl2): 1× final 
• Enzyme: Taq DNA polymerase (5 U/ml final) 
PCR cycling 
Cycle program temperature Time cycle 
number 
Initial Denaturation 94°C 5min 1 
Denaturation 94°C 30sec  
30 Annealing Tm of primer 30sec 
Extension 72°C 1min for 1kb 
Final extension 72°C 7min 1 
 
16.1.1.2 Using fusion DNA polymerase (FINNZYMES, No. F-540S) 
PCR system: 
• Plasmid or genomic DNA as template: ~100 ng 
• Primers: 0.25 µM final 
• dNTP: 0.25 mM final 
• Fusion 5× HF Reaction Buffer: 1× final 






Cycle program temperature Time cycle number 
Initial Denaturation 98°C 30sec 1 
Denaturation 98°C 10sec  
30 Annealing Tm of primer +3°C 30sec 
Extension 72°C 30sec for 1kb 
Final extension 72°C 7min 1 
 
16.1.2 Purification of DNA fragment  
By using QIAquike Gel Extraction Kit (QIAGEN, No. 28706) 
16.1.2.1 Purification of PCR product 
• Add 5 volumes of Buffer PB to 1 volume of the PCR sample and mix. It is not necessary to 
remove mineral oil or kerosene. 
• Place a QIAquick spin column in a provided 2 ml collection tube. 
• To bind DNA, apply the sample to the QIAquick column and centrifuge for 30–60 s. 
• Discard flow-through. Place the QIAquick column back into the same tube. 
• To wash, add 0.75 ml Buffer PE to the QIAquick column and centrifuge for 30–60 s. 
• Discard flow-through and place the QIAquick column back in the same tube. Centrifuge the 
column for an additional 1 min. 
• Place QIAquick column in a clean 1.5 ml microcentrifuge tube. 
• To elute DNA, add 50 µl Buffer EB (10 mM Tris·Cl, pH 8.5) or H2O to the center of the 
QIAquick membrane and centrifuge the column for 1 min. Alternatively, for increased DNA 
concentration, add 30 µl elution buffer to the center of the QIAquick membrane, let the 
column stand for 1 min, and then centrifuge. 
 
16.1.2.2 Purification by Gel extraction 
• Excise the DNA fragment from the agarose gel with a clean, sharp scalpel. 
• Weigh the gel slice in a colorless tube. Add 3 volumes of Buffer QG to 1 volume of gel (100 
mg ~ 100 µl). 
• Incubate at 50°C for 10 min (or until the gel slice has completely dissolved). To help dissolve 
gel, mix by vortexing the tube every 2–3 min during the incubation. 
• After the gel slice has dissolved completely, check that the color of the mixture is yellow 
(similar to Buffer QG without dissolved agarose). 
• Add 1 gel volume of isopropanol to the sample and mix. 
• Place a QIAquick spin column in a provided 2 ml collection tube. 
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• To bind DNA, apply the sample to the QIAquick column, and centrifuge for 1 min. 
• Discard flow-through and place QIAquick column back in the same collection tube. 
• (Optional): Add 0.5 ml of Buffer QG to QIAquick column and centrifuge for 1 min. 
• To wash, add 0.75 ml of Buffer PE to QIAquick column and centrifuge for 1 min. 
• Discard the flow-through and centrifuge the QIAquick column for an additional 1 min at 
13,000 rpm (~17,900 g). 
• Place QIAquick column into a clean 1.5 ml microcentrifuge tube. 
• To elute DNA, add 50 µl of Buffer EB (10 mM Tris·Cl, pH 8.5) or H2O to the center of the 
QIAquick membrane and centrifuge the column for 1 min. Alternatively, for increased DNA 
concentration, add 30 µl elution buffer to the center of the QIAquick membrane, let the 
column stand for 1 min, and then centrifuge for 1 min. 
 
16.1.3 Linkage system 
The PCR product produced by using Taq DNA polymerase is automatically added 
with an “A” in the end of polymerizing reaction, while the one generated by fusion 
polymerase has a blunt end. In order to clone in pGEM-T-easy vector with the fusion 
polymerase PCR product, we have to add an “A” at the end additionally. This step was carried 
out by using Taq DNA polymerase as follows. 
• Take 5 µl of PCR product generated by fusion DNA polymerase. 
• Add 1 µl 10× Thermol Pol Buffer (containing MgCl2). 
• Add dATP to a final concentration of 0.25mM. 
• Add 5 U Taq DNA polymerase. 
• Add deionized water to a final reaction volume of 10 µl. 
• Incubate at 70°C for 15-30 minutes and can be used for ligasion to pGEM-T-easy vector . 
 
Ligation to pGEM-T-easy vector (Promega, No. A1360) by using T4 DNA ligase (Biolabs, 
No. M0202S): 
• 5 µl  T4 DNA Ligase Reaction Buffer 2× 
• 1 µl pGEM-T- easy vector 
• 2 µl PCR product 
• 1 µl T4 DNA ligase 
• 1 µl deionized water 




16.2 In bacteria 
16.2.1 Thermo-competent cells preparation 
• Inoculate an E.coli single colony to 50 ml LB liquid medium, shaking overnight at 37°C. 
• Next day morning, dilute this culture to a start OD600 at 0.1 in a new flask (1L) containing 
250 ml LB new medium. 
• Shaking vigorously at room temperature (24°C) till OD600 reach 0.6 to 0.8. 
• Place flask on ice for 10 min. 
• Centrifugation at 3000 rpm for 10 min at 4°C. 
• Re-suspend cell pellets in 80 ml ice-cold TB buffer. 
• Incubated cells on ice for 10 min. 
• Centrifuge at 3000 rpm for 10 min at 4°C. 
• Re-suspend cells gently in 20 ml TB buffer and add DMSO to a final concentration of 7%. 
• Incubate cells on ice for 10 min. 
• Take 100 µl cells to each micro-tube and freeze immediately in liquid nitrogen. 
• Store at -80°C. 
* TB buffer: 10 mM pipes, 55 mM MnCl2, 15 mM CaCl2, 250 mM KCl. Adjust pH to 6.7 
with KOH before adding MnCl2, otherwise, this salt will be precipitated. 
 
16.2.2 Electroporation competent cells preparation 
• Inoculate 1 liter of L-broth with 1/100 volume of a fresh overnight culture. 
• Grow cells at 37°C with vigorous shaking to an OD600 of 0.5 to 0.8 (the best results are 
obtained with cells that are growing rapidly; the appropriate cell density, therefore depends on 
the strain and growth conditions). 
• To harvest, chill the flask on ice for 15 to 30 minutes, and centrifuge in a cold rotor at 4,000 g 
max for 15 minutes. 
• Resuspend pellets in a total of 1 liter of cold water milliQ. Centrifuge as above.  
• Resuspend in 0.5 liter of cold water milliQ. Centrifuge as above. 
• Resuspend in  20 ml 10% glycerol. Centrifuge as above. 
• Resuspend to a final volume of 2 to 3 ml in 10% glycerol. The cell concentration should be at 
least 3 x 1010 cells/ml. 
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• This suspension may be frozen in aliquots on liquid nitrogen, and stored at -80°C. The cells 
are good for at least 6 months under these conditions. 
 
16.2.3 Transformation of thermo-competent bacteria 
• Take out 100µl of competent cells from -80°C. 
• Leave on ice for 10 minutes. 
• Add 2µl plasmid DNA and leave on ice for another 20 to 30 minutes. 
• Heat shock at 42°C for 90 seconds. 
• Put back on ice for another 10 minutes. 
• Add 1ml LB medium and put at shaking for 1 hour at 37°C. 
• Spay on the selective agar and incubate at 37°C overnight. 
 
16.2.4 Transformation of bacteria by electroporation 
• Chill the cuvettes and the sliding cuvette holder in ice.a 
• Set the Gene Pulser apparatus to the 25µF capacitor, 2.5 kV and the Pulse Controller Unit to 
200 W.b 
• Gently thaw the cells at room temperature and place them on ice. 
• To a cold, 1.5 ml polypropylene tube, add 40 µl of the cell suspension and 1 to 5 µl of DNA in 
a low ionic strength buffer such as TE.c (or milliQ water). Mix well and let sit on ice 
approximately 1 minute. 
• Transfer the mixture of cells and DNA to a cold, 0.2 cm electroporation cuvette, and shake the 
suspension to the bottom of the cuvette. 
• Apply one pulse at the above settings. This should result in a pulse of 12.5 kV/cm with a time 
constant of 4 to 5 msec. 
• Immediately add 1 ml of SOC medium (at room temperature) to the cuvette, and gently but 
quickly resuspend the cells with a pasteur pipette.d,e 
• Transfer the cell suspension to a 17 x 100 mm polypropylene tube and incubate at 37°C for 1 
hour. (Shaking the tubes at 225 rpm during this incubation may improve the recovery of 
transformants.) 
• Plate the appropriate aliquots on selective medium. 
a) The cuvettes and the slide should be chilled in ice for at least 5 minutes before adding the 
samples. Electroporation at room temperature decreases efficiencies about 100-fold. 
b) Gene Pulser apparatus and Pulse Controller Unit The Pulse Controller should always be 




c) DNA containing too much salt will make the sample too conductive and cause arcing to occur 
at high voltage. 
d) A delay of even 1 minute in adding outgrowth medium to the pulsed cells causes a 3-fold 
decrease in efficiency. 
e) 2% Bacto tryptone. 0.5% Bacto yeast extract, 10 mM NaCI, 2.5 mM KCI, 10 mM MgCI2, 10 
mM MgSO4, 20 mM glucose. 
 
16.2.5 Plasmid extraction 
By using QIAprep spin Miniprep kit (QIAGEN, No. 27106)  
• Inoculate E.coli single colony to 5ml LB Amp+ liquid medium, shaking for overnight at 37°C. 
• Collect 3ml culture by centrifugation and remove the supernatant. 
• Resuspend pelleted bacterial cells in 250 µl Buffer P1 and transfer to a microcentrifuge tube. 
• Add 250 µl Buffer P2 and mix thoroughly by inverting the tube 4–6 times. 
• Add 350 µl Buffer N3 and mix immediately and thoroughly by inverting the tube 4–6 times. 
• Centrifuge for 10 min at 13,000 rpm (~17,900 g) in a table-top microcentrifuge. 
• Apply the supernatants from step 4 to the QIAprep spin column by decanting or pipetting. 
• Centrifuge for 30–60 s. Discard the flow-through. 
• Recommended: Wash the QIAprep spin column by adding 0.5 ml Buffer PB and centrifuging 
for 30–60 s. Discard the flow-through. 
• Wash QIAprep spin column by adding 0.75 ml Buffer PE and centrifuging for 30–60 s. 
• Discard the flow-through, and centrifuge for an additional 1 min to remove residual wash 
buffer. 
• Place the QIAprep column in a clean 1.5 ml microcentrifuge tube. To elute DNA, add 50 µl 
Buffer EB (10 mM Tris·Cl, pH 8.5) or water to the center of each QIAprep spin column, let 
stand for 1 min, and centrifuge for 1 min. 
 
16.3 In yeasts 
16.3.1 Description of yeast two-hybrid system 
Two-hybrid system is a molecular biology technique used to discover protein-protein 
interactions (Young, 1998) and protein-DNA interactions (Hurt et al., 2003; Joung et al., 2000) by 
testing for physical interactions between two proteins or a single protein and a DNA molecule, 
respectively. 
The premise behind the test is the activation of downstream reporter gene(s) by the binding of 
a transcription factor onto an upstream activating sequence (UAS) (Figure 87). For the purposes of 
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two-hybrid screening, the transcription factor Gal4 is split into two separate fragments, called the 
binding domain (BD) and activating domain (AD). The BD is the domain responsible for binding to 
the UAS and the AD is the domain responsible for activation of transcription (Joung et al., 2000; 
Young, 1998).  
 
Figure 87 Yeast two-hybrid system 
Key to the two-hybrid screen, is that in most eukaryotic transcription factors, the activating 
and binding domains are modular and can function in close proximity to each other without direct 
binding (Verschure et al., 2006). This means that even though the transcription factor is split into two 
fragments, it can still activate transcription when the two fragments are indirectly connected.  
The most common screening approach is the yeast two-hybrid assay (Gietz et al., 1997). This 
system often utilizes a genetically engineered strain of yeast in which the biosynthesis of certain 
nutrients (usually amino acids or nucleic acids) is lacking (in this work, PJ69-4A was applied, see 
strain list). When grown on media that lack these nutrients, the yeast fail to survive. This mutant yeast 
221 
 
strain can be made to incorporate foreign DNA in the form of plasmids. In yeast two-hybrid screening, 
separate bait and prey plasmids are simultaneously introduced into the mutant yeast strain. 
Plasmids are engineered (in this work, pGAD424 and pOBD80 expressing activation domain 
and binding domain respectively were used as recipient plasmids) to produce a protein product in 
which the DNA-binding domain (BD) fragment is fused onto a protein while another plasmid is 
engineered to produce a protein product in which the activation domain (AD) fragment is fused onto 
another protein. If the bait and prey proteins interact (i.e. bind), then the AD and BD of the 
transcription factor are indirectly connected, bringing the AD in proximity to the transcription start site 
and transcription of reporter gene(s) can occur. If the two proteins do not interact, there is no 
transcription of the reporter gene (Figure 87). In this way, a successful interaction between the fused 
proteins is linked to a change in the cell phenotype (Young, 1998). The most convincing argument in 
favor of the two-hybrid is the number and speed in which many signaling cascades have been resolved 
in molecular detail. 
 
16.3.2 Yeast in vivo homologous recombination 
Homologous recombination, also known as general recombination, is a type of genetic 
recombination in which nucleotide sequences are exchanged between two similar or identical 
strands of DNA. There are two different types of homologous recombination, one typically 
involved in meiosis which could produces new combinations of DNA sequences during 
chromosomal crossover and another involved in DNA repair during mitosis. Homologous 
recombination is also used as a technique in molecular biology for introducing genetic 
changes into target organisms. Yeast cells can carry out homologous recombination, which is an 
extremely efficient process. The targeting construct containing the gene of interest together with ~50 
bp nucleotides at both ends, which are homologous to the target site in the target vector or 
chromosome, is introduced into the yeast cell. The sequence between these two short homologous 
regions in the target vector or chromosome could be replaced by the gene of interest during cell 
mitosis (Figure 88 left).  Efficiency of this process could be greatly increased with gap-repair 
mechanism (Ma et al., 1987) when the target is a vector, which is linearized between these two 
homologous regions (Figure 88 Homologous recombination in yeast. right). An advantage of 





Figure 88 Homologous recombination in yeast. 
 
16.3.3 Cross and dissection of haploid strains 
• Mixed different MAT type fresh strains (a and α) in YPD agar, keep at 30 °C. 
• Observe it under microscopy after 3h, 5h, 7h, 9h, 12h…, we could see the zygote formation. 
• Isolated the zygotes to a new YPD agar using the Macromanipulator Singer MSM System 
300. 
• After 2 days, these isolated colonies were transfer to a poor Potassium Acetate plate. 
• Kept this plate at 30 °C for 4-5 days and observed under microscopy, we could see the 
formation of the asque containing four spores from the meiosis of diploid. 
• Transferred all the culture on the plate to 100 µl H2O, added 100 µl ether. 
• Vortexed for 1 minute and left at room temperature for 15 minutes (mixed the two aqueous 
every several minutes). 
• Centrifuged for 1 minute and discarded the supernatant. 
• Added 200 µl H2O, re-suspended and took 50 µl suspension to distribute on a corner of YPD 
plate.  
• The four spores (titrate) were individually isolated and placed in distance on the YPD agar 
using Macromanipulator Singer MSM System 300. 




16.3.4 Yeast transformation by lithium acetate (Woods and Gietz, 2001) 
• Inoculate 2-5 mls of liquid YPD and incubate with shaking overnight at 30° C.  
• Count overnight culture and inoculate 50 mls of warm YPD to a cell density of 5 x 106/ml 
culture (OD600 of 0.5). 
*Note : For most strains an OD600 of 0.1 corresponds to approximately 1 × 106 cells/ml. 
• Incubate the culture at 30° C on a shaker at 200 rpm until its equivalent to 2 x 107 cells/ml 
(OD600 of 2.0). This will take 3 to 5 hours. This culture will give sufficient cells for 10 
transformations.  
• Harvest the culture in a sterile 50 ml centrifuge tube at 3000 g (5000 rpm) for 5 min.  
• Pour off the medium, resuspend the cells in 25 ml of sterile water and centrifuge again.  
• Pour off the water, resuspend the cells in 1.0 ml 100 mM LiAc and transfer the suspension to a 
1.5 ml microfuge tube.  
• Pellet the cells at top speed for 15 sec and remove the LiAc with a micropipette.  
• Resuspend the cells to a final volume of 500 µl (2 x 109 cells/ml)- about 400µl of 0.1M LiAc-  
• Boil a 1.0 ml sample of ss-DNA for 5 min. and quickly chill in ice water.  
• Vortex the cell suspension and pipette 50 µl samples into labelled µfuge tubes. Pellet the cells 
and remove the LiAc with a micropipette.  
• The basic "transformation mix" consists of :  
240 µl  PEG (50% w/v)  
36 µl  1.0 M. LiAc  
50 µl  ss-DNA (2.0 mg/ml)  
X µl  Plasmid DNA (0.1 - 10 µg) 
34-X µl  Sterile ddH2O 
360 µl  TOTAL 
• Carefully add these ingredients in the order listed.  
• Vortex each tube vigorously until the cell pellet has been completely mixed. Usually takes 
about 1 min.  
• Incubate at 30° C for 30 min.  
• Heat shock in a water bath at 42o C for 30 min.  
• Microfuge at 6-8000 rpm for 15 sec and remove the transformation mix with a micropipette.  
• Pipette 1.0 ml of sterile water into each tube and resuspend the pellet by pipetting it up and 
down gently.  
• Plate from 2 to 200 µl of the transformation mix onto SC-minus plates. If plating less than 200 
µl deliver into a pool of not more than a final volume of 200 µl of sterile water on the plate.  




16.3.5 Extraction of genomic DNA from yeast 
By using MasterPureTM Yeast DNA Purification Kit (EPICENTRE, No. MPY2-
70921) 
• Pellet the yeast cells from a saturated 1.5 ml culture (approximately 8-10 A600 units for each 
ml) by centrifugation in a microcentrifuge at ≥10,000 rpm for 2-5 minutes. 
• Remove all growth medium and continue with Cell Lysis and Precipitation of DNA. 
• Add 300 µl of Yeast Cell Lysis Solution. Suspend the cells by either vortex mixing or 
pipetting the cells repeatedly using a 1 ml capacity pipet tip. 
• Incubate the suspended cells at 65°C for 15 minutes. 
• Place the samples on ice for 5 minutes. Add 150 µl of MPC Protein Precipitation Reagent and 
vortex mix for 10 seconds. 
• Pellet cellular debris by centrifugation in a microcentrifuge for 10 minutes at ≥10,000 rpm. 
• Transfer the supernatant to a clean microcentrifuge tube and add 500 µl of isopropanol (not 
provided). Mix thoroughly by inversion. 
• Pellet the DNA by centrifugation in a microcentrifuge for 10 minutes at >10,000 rpm. 
• Remove the supernatant by pipeting and discard. Wash the pellet containing the DNA with 0.5 
ml of 70% ethanol. Carefully remove the ethanol by pipetting and discard. Briefly centrifuge 
the DNA pellet and remove any remaining ethanol. 
• Suspend the DNA in 50 µl of TE Buffer. Store the DNA at 4°C. 
*Optional RNase A Treatment 
• Add 1 µl of 5 µg/µl RNase A to the purified DNA and mix thoroughly. 
• Incubate at 37°C for 30 minutes. 
 
16.3.6 Extraction of plasmid from yeast 
• Grow 5ml cultures overnight at 30°C in a medium that maintains selection for the plasmid 
DNA, such as SC-ura. 
• Collect the cells by centrifugation in a falcon. 
• Decant the supernatant and briefly vortex the tube to resuspend the pellet in the residual 
liquid. 
• Add 0.5 ml of [2% Triton X-100, 1% SDS, 100 mM NaCl, 10 mM Tris-Cl (pH 8), 1 mM Na2 
EDTA]. Add 0.5 ml of phenol:chloroform:isoamyl alcohol (25:24:1). Add 0.5 g of acid-
washed glass beads. 
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• Vortex 2 minutes for 3 times with an interval of 2 minutes placing in ice. 
• Centrifuge for 10 minutes in a microfuge. 
• Take the aqueous layer and add one volume isopropanol, mix well by inversing the tube.  
• Keep at -20°C for 20 minutes. 
• Centrifuge for 10 minutes at max speed, and pipette all the supernatant. 
• Wash once with 70% ethanol. 
• Dry the DNA pellets and resuspend in 50µl distil water. 
 
16.3.7 Extraction of total RNA from yeast cells 
By using SV Total RNA Isolation System (Promega, No. Z3100). 
• Cells are grown in required media to early exponential phase (OD=1-2) and 5 OD of each 
culture are collected by centrifugation in falcon. 
• Wash the cell pellets by sterile water and transfer to a 2ml eppendorf tube with a round 
bottom. 
• Add a metal bead (diameter=5 mm) to each tube, and froze them in liquid nitrogen. 
• Disrupt cells by TissuelyserII (Qiagen, No. 85300) at a frequency of 30/s for 3 minutes. 
• Add 175 µl of RNA Lysis Buffer (Verify that BME has been added) to the disrupted cells, 
dispersing the pellet and mixing well by vortexing and/or pipetting. 
• Expel the lysate into a 1.5ml tube. 
• Add 350 µl of RNA Dilution Buffer (blue) to 175 µl of lysate. Mix by inverting the tube 3-4 
times. Place in a water bath or heating block at 70°C for 3 minutes. 
• Centrifuge at 12,000-14,000 g for 10 minutes at 20-25°C. 
• Transfer the cleared lysate solution to a fresh microcentrifuge tube by pipetting. 
• Add 200 µl 95% ethanol to the cleared lysate, and mix by pipetting 3-4 times. Transfer this 
mixture to the Spin Column Assembly. Centrifuge at 12,000-14,000 g for one minute. 
• Take the Spin Basket from the Spin Column Assembly, and discard the liquid in the 
Collection Tube. Put the Spin Basket back into the Collection Tube. 
• Add 600 µl of RNA Wash Solution to the Spin Column Assembly. Centrifuge at 12,000-
14,000 g for 1 minute. 
• Empty the Collection Tube as before and place it in a rack. For each isolation to be performed, 
prepare the DNase incubation mix by combining 40 µl Yellow Core Buffer, 5 µl 0.09M 
MnCl2 and 5 µl of DNase I enzyme per sample in a sterile tube (in this order). Mix by gentle 
pipetting; do not vortex. Keep the DNase I on ice while it is thawed. Apply 50 µl of this 
freshly prepared DNase incubation mix directly to the membrane inside the Spin Basket. 
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• Incubate for 15 minutes at 20-25°C. After this incubation, add 200 µl of DNase Stop Solution 
(verify that ethanol has been added) to the Spin Basket, and centrifuge at 12,000-14,000 g for 
1 minute. 
• Add 600 µl RNA Wash Solution (with ethanol added) and centrifuge at 12,000-14,000 g for 1 
minute. 
• Empty the Collection Tube, and add 250 µl RNA Wash Solution (with ethanol added); 
centrifuge at high speed for 2 minutes. 
• Transfer the Spin Basket from the Collection Tube to the Elution Tube, and add 100 µl 
Nuclease-Free Water to the membrane. Centrifuge at 12,000-14,000 g for 1 minute. Store at -
70°C. 
 
16.3.8 Synthesis of cDNA 
By using iScript cDNA Synthesis Kit (BIO-RAD, No. 170-8890). 
• Measure the concentration of extracted total RNA by Nano-drop ND-1000 (Thermo). Verify 
that the proportion of 260 (nucleotides) / 280 (proteins) > 2. 
• Reaction set up: 
Component Volume per reaction 
5 × iScript reaction mix 4 µl 
iScript reverse Transcriptase 1 µl 
Nuclease-free water X µl 
RNA template (1µg total RNA) X µl 
Total Volume 20 µl 
 
• Reaction protocol: 
Temperature Time 
25°C 5 minutes 
42°C 30 minutes 










16.3.9 Real-time PCR 
By using iQ SYBR Green Supermix (BIO-RAD, No. 170-8882). 
Reaction set up: 
Component Volume per reaction 
iQ SYBR Green Supermix 12.5 µl 
Primers Forward+Reverse (2µM) 2.5 µl 
Sterile water 5 µl 
DNA template (1/5 - 1/10 of the RT reaction) 5 µl 
Total volume 25 µl 
 
Real-time RCR is carried out in MyiQ Single Color Real-time PCR Detection 
System (Bio-rad) following the reaction protocol below: 
Temperature Time Cycles 
95°C 3 minutes 1 cycle 
95°C 10 seconds  
40 cycles 54°C 45 seconds 
95°C 1 minute 1 cycle 
55°C 1 minute 1 cycle 
55°C increasing 0.5°C / 10 seconds  
 
Referrence genes used: UBC6 (coding ubiquitin-conjugating enzyme involved in ER-
associated protein degradation), ALG9 (coding mannosyltransferase, involved in N-linked 
glycosylation) and ACT1 (coding actin, structural protein involved in cell polarization, 
endocytosis, and other cytoskeletal functions). 
Data were normalized by software Bio-rad iQ5. 
 
16.4 Western-blot 
16.4.1 Protein preparation 
Cell crude extract was prepared as the preparation of crude extract for trehalase activity 
measurement (described below) (Jules et al., 2004) with adding protease inhibitor (Roche, 
NO.11836170001) additionally.  
Concentration of the extract protein is measured by using the Protein Assay Dye Reagent 
Concentration (BioRad, No. 500-0006). 50 µl of this reagent was added to 200 µl of diluted protein 
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sample, mixed well and measured by spectrometer at OD550nm. BSA at a concentration of 0, 1, 5, 10, 
20µg/ml are used as the standard ladder.  
For removing the oligosaccharide of proteins, the crude extract was treated with 
Endoglycosidase H (BioLabs, No. P0702S) which cleaves the chitobiose core of high mannose and 
some hybrid oligosaccharides from N-linked glycoproteins (Figure 89) (Maley et al., 1989). 
 
Figure 89 Endo H cleave only high mannose structures (n = 2-150, x = (Man)1-2, y = H) and hybrid 
structures(n = 2, x and/or y = AcNeu-Gal-GlcNAc) 
 
• Combine 1-20 µg of glycoprotein, 1µl of 10× Glycoprotein Denaturing Buffer (5% 
SDS, 0.4 M DTT) and H2O to make a 10 µl total reaction volume. 
• Denature glycoprotein by heating reaction at 100°C for 10 minutes. 
• Make a total volume of 20 µl by adding 2 µl of 10× G5 Reaction Buffer (0.5 M 
Sodium Citrate, pH 5.5), H2O and 1-5 µl Endo H. 
• Incubate reaction at 37°C for 3 hours. 
 
16.4.2 SDS-PAGE 
The gel of SDS-PAGE was made of NEXT GELTM 12.5% acrylamide solution  (AMRESCO, 
No. 1027B060) by adding ammonium persulfate (add 60 µl of 10% stock to 10ml 12.5 % acrylamide 
solution) and TEMED (add 6 µl to 10ml 12.5 % acrylamide solution). Pour to the glass model and 
wait for 30 minutes for polymerization. 
Loaded 10-50µg crude protein for each well and 5 µl of PageRulerTM Prestained Protein 
Ladder (Fermentas, No. 00012835). 
Migration of the protein was carried out by using the migration buffer of 1× dilution of NEXT 
GELTM RUNNING BUFFER, 20× (AMRESCO, No. 2487B033) at constant voltage of 150V for 1.5 
hour. 
After migration, the polyacrylamide gel passed to the transfer system for immuno-blotting or 
stain with the dye PageBlueTM Protein Staining Solution (Fermentas, No. R0571). 
 
16.4.3 Transfer to Nitrocellulose membrane 
By using Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell system (RIO-RAD No. 170-3940) 
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• Prepare the transfer buffer (48 mM Tris, 39 mM glycine, 20% methanol pH 9.2). 
Dissolve 5.82 g Tris and 2.93 g glycine [and 0.375 g SDS or 3.75 ml of 10% SDS] in ddH2O 
(add 200 ml of methanol); adjust volume to 1 liter with dd H2O. 
DO NOT ADD ACID OR BASE TO ADJUST pH. 
• Following electrophoresis, equilibrate the gels in transfer buffer. For example, 15 minutes for 
a 0.75 mm SDS-PAGE gel. 
• Cut the membrane to the dimensions of the gel. Wet the membrane by slowly sliding it at a 
45° angle into transfer buffer and allowing it to soak for 15-30 minutes. 
• Completely saturate the filter paper by soaking in transfer buffer. 
• Place a pre-soaked sheet of extra thick filter paper onto the platinum anode. 
• Place the pre-wetted nitrocellulose membrane on top of the filter paper. Roll out all air 
bubbles. 
• Carefully place the equilibrated gel on top of the transfer membrane. 
• Place the other sheet of pre-soaked filter paper on top of the gel, carefully removing air 
bubbles from between the gel and filter paper. 
• Turn on the power supply, transfer for 30 minutes to 1 hour at 15-25 V. 
 
16.4.4 Detecting the transfer efficiency 
By using Memcode Reversible Protein Stain Kit (PIERCE, No. 0024580). 
Stain 
• Rinse the nitrocellulose membrane containing the transferred proteins by adding ultrapure 
water to the membrane tray and quickly decanting. 
• Add ~25 ml of the MemCode™ Reversible Protein Stain (Component A) to the nitrocellulose 
membrane. Agitate at room temperature for 30 seconds on a rotary platform shaker. Stained 
proteins appear as turquoise-blue bands. 
Destain (remove background) 
• Add ~25 ml of MemCode™ Destain Reagent (Component B) to the membrane and quickly 
decant the solution. Repeat this step two additional times. 
• Add ~25 ml of the Destain Reagent to the membrane and agitate for 5 minutes on a rotary 
platform shaker. 
• Rinse the membrane four times by adding ultrapure water to the tray and quickly decanting. 
• Wash the membrane with ultrapure water for 5 minutes on a rotary platform shaker with 
agitation. 
Erase the stain (remove stain from bands) 
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• Add 30 ml MemCode™ Stain Eraser (Component C) to the membrane and agitate for 2 to 5 
minutes on a rotary platform shaker. 
• Rinse the membrane four times by adding ultrapure water to the tray and quickly decanting. 
• Wash membrane with ultrapure water for 5 minutes on a rotary platform shaker with agitation. 
• This erased membrane can be used for the following immune blotting. 
 
16.4.5 Immune blotting and signal detection  
 Primary anti-bodies: 
• Mouse monoclonal antibody Anti-HA (Roche, NO. 11583816001) at a working 
dilution of 1/2,000; 
• Mouse monoclonal antibody anti-Green Fluorescent Protein (Roche, NO. 
11814460001) at a working dilution of 1/1,000; 
• Rabbit living colors DsRed polyclonal antibody (Clontech, NO. 632496) at a working 
dilution of 1/1,000; 
 
 Secondary anti-bodies: 
• Horseradish Peroxidase (HRP) conjugated coat anti-mouse IgG at a working dilution 
of 1/20,000; 
• Horseradish Peroxidase (HRP) conjugated coat anti-rabbit IgG at a dilution of 
1/20,000. 
These two secondary anti-bodies are supplied in the SuperSignal West Pico Complete Mouse 
(PIERCE, NO. 34081) IgG Detection Kit or SuperSignal West Pico Complete rabbit (PIERCE, NO. 
34084) IgG Detection Kit. 
 
 Other materials required: 
Dilution Buffer: phosphate-buffered saline PBS (PIERCE, No. 28374). 
Wash Buffer: Add 5 ml of 10% Tween®-20 (PIERCE, No. 28320) to 1,000 ml Dilution 
Buffer. (The final concentration of Tween®-20 will be 0.05%.) 
Blocking Reagent: Add 0.5 ml of 10% Tween®-20 to 100 ml of the blocking buffer 
SuperBlock® (PBS) Blocking Buffer (PIERCE, No. 37515) 






• Remove blot from the transfer apparatus or after being stained and erased by the memcode 
stain system, and block nonspecific sites with Blocking Reagent for 60 minutes at room 
temperature (RT) with shaking. 
• Remove the Blocking Reagent and add the appropriate primary antibody dilution. Incubate 
blot for 1 hour with shaking. If desired, blots may be incubated with primary antibody 
overnight at 4°C. 
• Wash membrane by suspending it in Wash Buffer and agitating for 5 minutes. Replace Wash 
Buffer at least 4-6 times. 
• Incubate blot with the appropriate HRP-conjugate dilution for 1 hour at RT with shaking. 
• Repeat the washing step to remove non-bound HRP-conjugate. 
• Prepare Working Solution by mixing equal parts of the Stable Peroxide Solution and the 
Luminol/Enhancer Solution. 
• Incubate blot with Working Solution for 5 minutes. 
• Remove blot from Working Solution and place it in a plastic sheet protector. Use an absorbent 
tissue to remove excess liquid and to carefully press out any bubbles from between the 
membrane and surface of the plastic sheet protector. 
• Detected by the Camera Imaging Devices Chemi Doc XRS (BIO-RAD, No. 170-8070 / 170-
8071) 
 
 Principle of HRP conjugated detection system  
Chemiluminescence is light emission resulting from a chemical reaction. The chemical 
reaction that occurs between horseradish peroxidase (HRP) and luminol in the presence of hydrogen 
peroxide produces a weak light. With the addition of an enhancer, the light is intensified and the 
emission duration increases (Figure 90).  The maximum light emission wavelength is 425nm. This 
type of “enhanced chemiluminescence” allows for easy HRP detection in immunoblot applications 
using photographic methods. 
 





Fluorescent protein tagged cells were grown in YN trehalose or glucose medium to reach 
exponential phase, and then cells were collected by centrifugation (5,000 rpm, 5 minutes). Images 
were captured on a Metamorph driven Olympus IX81 wide-field microscope equipped with a 
Coolsnap HQ camera and a Polychrome V (Till Photonics). A 100X / 1.4 Oil Plan-Apochromat 
objective from Zeiss was used. Exposure times were 2000 ms for CFP (Excitation λ = 430 nm), 500 
ms for GFP (Excitation λ = 490 nm) and 2000 ms for mCherry (Excitation λ = 590 nm). Images were 




17  Enzymatic protocols 
17.1 Preparation of crude extract  
Yeast cells (about 100OD) were harvested by centrifugation (5,000 rpm, 5 minutes, 4°C) and 
resuspended in 0.5 ml of extraction buffer (20 mM HEPES [pH 7.1], 1 mM EDTA, 100 mM KCl, 
completed just before use with 1 mM dithiothreitol and 1 mM phenylmethylsulfonyl fluoride). The 
cell suspension was vigorously disrupted by vortexing in the presence of 0.5 g of glass beads for 30 
seconds at a frequency of 6.5 M/s at 4°C for five times with an interval of 5 minutes by using the 
disruption machine FastPrep-24 (MP-Bio). After centrifugation (13,000 rpm, 10 minutes, 4°C), the 
supernatant was used as a crude extract for enzyme assays. 
 
17.2 Measurement of acid trehalase activity 
17.2.1 Activity in the crude extract 
Acid trehalase activity was measured at 30°C in a total volume of 0.5 ml containing 315 mM 
sodium citrate (pH 4.5), 1.4 mM EDTA, and 55 mM trehalose. The reaction was initiated by addition 
of 100 µl of crude extract. At different times (e.g. 0, 15, 30 and 45 minutes), a 0.1 ml sample was 
withdrawn from the reaction mixture, mixed with 0.1 ml of hot (80°C) water, and inactivated by 
incubation for 5 min in a water bath at 80°C.  
17.2.2 Activity on intact cells 
On intact yeast cells, acid trehalase activity was determined by a procedure described for 
invertase activity measurement (Silveira et al., 1996). The cell suspension (about 50 OD) was 
harvested by centrifugation (5,000 rpm, 5 minutes), washed with cold water, and resuspended in 0.84 
ml of 50 mM Na-citrate solution (pH 4.75) containing 50 mM NaF. After incubation at 30°C for 30 
minutes, the reaction was initiated by addition of 160 µl of 580 mM trehalose, stopped at different 
times (e.g. 0, 15, 30 and 45 minutes), and processed as described above. 
17.2.3 Activity in the medium 
When sampling cells for the measurement of acid trehalase activity on intact cells, about 50 
OD cells was collected by centrifugation. The cell pellets were used for acid trehalase activity test as 
described above, and meanwhile, the resting supernatant was filtered through a nylon filter (0.2 µm 
pore size; Sartorius AG) and then concentrated to 450µl by Amicon Ultra centrifugal filter devices 
(Millipore, No. UFC901024). Acid trehalase was measured by adding 50 µl of a 580 mM trehalose 
solution to this 450 µl concentrated broth medium. The reaction was carried out as described above. 
 
17.3 Measurement of neutral trehalase activity 
The neutral trehalase was assayed as previously described (Neves and Francois, 1992) in a 
total volume of 0.5 ml containing 50 mM HEPES (pH 7.1), 2.5 mM CaCl2 and 50 mM trehalose. The 
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reaction was started with 20 µl of crude extract that was incubated for 15 min in the presence of 1 mM 
Mg-ATP and 0.1 mM cyclic AMP. The reaction was monitored as described for acid trehalase. 
 
17.4 Measurement of invertase activity 
Invertase activity was assayed either on intact cells or in the crude extract by using the same 
procedure and reaction buffer as those described for acid trehalase activity, except that the substrate 
trehalose was replaced by sucrose. 
 
17.5 Measurement of glucose generation 
The glucose liberated was measured by Glucose Oxidase / Peroxidase Reagent (Sigma, No. 
G3660).  
Glucose Oxidase:   Glucose + 2H2O + O2 → Gluconic acid + H2O2 
Peroxidase:             H2O2 + Ortho-Dianisidine → oxidized Ortho-Dianisidine 
                                           (No-colour)                              (Orange) 
For one capsule of Glucose Oxidase / Peroxidase Reagent, add 39.2ml H2O. Dissolved one 
tablet (10mg) of Ortho-Dianisidine (Sigma, No.D9154) in 1 ml H2O and took 0.4 ml to add in the 
Glucose Oxidase / Peroxidase Reagent to obtain GLOX. Mixed well before using.  
20 µl of the glucose containing sample was added in the microplate, and 200 µl of GLOX was 
added using the automatic pipette. Reaction was keep at 30 °C for 20 minutes and the absorbance 
density was read at 490nm with the Microplate Reader Model X680 (Bio-Rad). 
Standard ladder (0, 50, 500µg/ml glucose) was made from Glucose standard solution 
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